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Introduction 


The  biological  activity  of  the  tuberous  sclerosis  1/2  complex  (TSC1/TSC2),  key 
molecules  in  the  etiology  of  tuberous  sclerosis,  is  sensitive  to  a  number  of  homeostatic 
signals  within  the  cell,  including  cellular  energy  levels,  availability  of  oxygen  and 
nutrients  and  growth  factor  stimulation.  Mechanistically,  TSC1  appears  to  protect  TSC2 
from  proteolytic  degradation,  whereas  TSC2  possesses  GTPase  activating  protein  (GAP) 
activity  towards  a  small  GTPase  from  the  Ras  superfamily  named  Rheb.  We 
hypothesized  that  nuclear  magnetic  resonance  (NMR)  could  be  used  to  monitor  Rheb’s 
guanine  nucleotide-dependent  Rheb’s  structural  changes,  in  real  time,  to  provide  a 
dynamic  readout  of  its  intrinsic  and  stimulated  GTPase  activity.  We  proposed  to  develop 
an  assay  based  on  this  principle  and  use  it  to  measure  the  GAP  activity  of  TSC2  as  well 
as  its  tuberous  sclerosis-associated  mutants. 

Body 

All  of  the  tasks  outlined  in  the  approved  Statement  of  Work  have  been  accomplished, 
leading  to  one  major  publication  (1)  and  two  published  follow-up  studies  (2,  3).  A  series 
of  further  studies,  including  the  ones  on  the  TC2-Rheb  system  and  other  GTPase  and 
GAP/GEF  pairs  are  being  conducted  and  will  likely  lead  to  several  future  publications. 

The  details  of  the  results  of  the  proposed  studies  have  been  published  (1)  and  can  be 
found  in  the  appendices.  Progress  on  the  specific  tasks  in  briefly  outlined  bellow: 

Task  1.  Development  of  a  dynamic,  quantitative,  time-resolved  NMR-based  GTPase 
assay  for  Rheb  activity  (months  1-4). 

We  expressed  and  purified  Rheb  1-169  and  collected  of  HSQC  spectra  of  GDP-  and 
GMPPNP-bound  Rheb  and  determined  its  nucleotide-dependent  structural  changes. 
Based  on  these  structures,  we  performed  time-resolved  collection  of  HSQC  spectra  of 
GTP-bound  Rheb.  Based  on  this  data,  we  determined  the  intrinsic  GTPase  activity  of 
Rheb. 

Task  2.  Characterization  of  the  molecular  determinants  of  GTP  hydrolysis  by  Rheb  and 
the  mechanism  of  TSC2  GAP  activity  (months  5-8) 

We  expressed  and  purified  various  Rheb  mutants  and  determined  their  GTPase  activity 
using  the  NMR-based  assay,  exposing  the  molecular  mechanism  of  GTP  hydrolysis. 
Hydrolysis  was  also  assessed  in  the  presence  of  the  TSC2  GAP  domain,  as  well  as  a 
series  of  TSC2  GAP  domain  mutants  found  in  patients  with  tuberous  sclerosis. 
Assessment  of  the  GAP-stimulated  activity  of  Rheb,  and  that  of  several  Rheb  mutants 
designed  to  probe  the  mechanism  of  GAP/GTPase  interaction  allowed  us  to  build  a 
comprehensive  structure-based  model  of  the  mechanism  of  nucleotide  catalysis  by  Rheb. 

Task  3.  Biological  characterization  of  TSC2  disease  mutations  affecting  its  GAP  activity 
(months  9-12) 


While  the  final  aspects  of  this  task  are  yet  to  be  completed,  we  have  successfully 
generated  and  confirmed  expression  of  all  the  proposed  TSC2  mutants  and  are  in  the  final 
stags  of  characterizing  the  biological  properties  of  the  cells  expressing  them. 

Key  research  accomplishments: 

-development  of  a  real-time  NMR-based  GTPase  assay  which  allows  unprecedented 
insight  into  the  molecular  mechanism  of  action  of  GTPases 

-implementation  of  real-time  NMR  to  characterize  the  molecular  mechanism  of  GTP 
catalysis  by  Rheb  and  the  impact  of  the  TSC2  GAP  activity  on  this  process. 

-characterization  of  a  series  of  TSC2  GAP  domain  mutants  found  in  patients  with 
tuberous  sclerosis. 

-determination  of  the  molecular  mechanism  of  action  of  the  TSC2  GAP  activity  on  Rheb. 

Reportable  outcomes: 

Publications: 

1 .  Characterization  of  the  intrinsic  and  TSC2-GAP-regulated  GTPase  activity  of  Rheb  by 
real-time  NMR.  Marshall  CB,  Ho  J,  Buerger  C,  Plevin  MJ,  Li  GY,  Li  Z,  Ikura  M, 
Stambolic  V.  Science  Signaling.  2009  Jan  27;2(55):ra3. 

2.  Real-time  NMR  study  of  three  small  GTPases  reveals  that  fluorescent  2'(3')-0-(N- 
methylanthraniloyl)-tagged  nucleotides  alter  hydrolysis  and  exchange  kinetics.  Mazhab- 
Jafari  MT,  Marshall  CB,  Smith  M,  Gasmi-Seabrook  GM,  Stambolic  V,  Rottapel  R,  Neel 
BG,  Ikura  M.  J  Biol  Chem.  2010  Feb  19;285(8):5 132-6.  Epub  2009  Dec  14. 

3.  Real-time  NMR  study  of  guanine  nucleotide  exchange  and  activation  of  RhoA  by 
PDZ-RhoGEF.  Gasmi-Seabrook  GM,  Marshall  CB,  Cheung  M,  Kim  B,  Wang  F,  Jang 
YJ,  Mak  TW,  Stambolic  V,  Ikura  M.  J  Biol  Chem.  2010  Feb  19;285(8):5 137-45.  Epub 
2009  Dec  17. 

Funding: 

A  3  year  grant  has  been  applied  for  and  awarded  to  Dr.  Mitsu  ikura  (Dr.  Vuk  Stambolic, 
co-applicant)  from  the  Canadian  Cancer  Society  Research  Institute  (formerly  National 
Cancer  Institute  of  Canada)  for  the  implementation  of  real  time  NMR  to  the  study  of 
other  GTPases,  such  as  Rho  and  Ras.  Results  obtained  in  part  through  the  DOD  funding 
to  Dr.  Stambolic  served  as  a  proof  of  concept  and  were  used  as  background  information 
to  justify  the  proposal.  This  funding  mechanism  does  not  ovelap  with  the  DOD  funding 
awarded  to  Dr.  Stambolic. 


Conclusion: 


All  the  objectives  of  the  proposed  research  were  met  and  exceeded.  The  accomplished 
work  provides  an  unprecedented  mechanistic  insight  into  the  relationship  between  TSC2 
and  Rheb,  a  key  node  in  the  etiology  of  tuberous  sclerosis. 
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GTP  HYDROLYSIS 

Characterization  of  the  Intrinsic  and 
TSC2-GAP-Regulated  GTPase  Activity 
of  Rheb  by  Real-Time  NMR 

Christopher  B.  Marshall,1,2  Jason  Ho,1  Claudia  Buerger,1,2  Michael  J.  Plevin,1,2 
Guang-Yao  Li,1,2  Zhihong  Li,1,2  Mitsuhiko  Ikura,1,2* *  Vuk  Stambolic1,2* 

(Published  27  January  2009;  Volume  2  Issue  55  ra3) 


Tuberous  sclerosis  complex  2  (TSC2),  whose  gene  is  frequently  mutated  in  tuberous  sclerosis,  increases 
the  guanosine  triphosphatase  (GTPase)  activity  of  the  small  heterotrimeric  GTP-binding  protein  (G  protein) 
Rheb,  thus  resulting  in  the  decreased  activity  of  the  mammalian  target  of  rapamycin  (mTOR),  the  master 
regulator  of  cell  growth.  Here,  we  describe  the  development  of  a  nuclear  magnetic  resonance  (NMR)- 
based,  quantitative,  real-time  assay  to  explore  the  molecular  mechanism  of  the  intrinsic  and  TSC2- 
catalyzed  GTPase  activity  of  Rheb.  We  confirmed  that  TSC2  accelerated  GTP  hydrolysis  by  Rheb  50-fold 
through  an  “asparagine-thumb”  mechanism  to  substitute  for  the  nonfunctional  “catalytic”  glutamine  of 
Rheb  and  we  determined  that  catalysis  was  enthalpy  driven.  Most,  but  not  all,  of  the  disease-associated 
GTPase-activating  protein  (GAP)  domain  mutants  of  TSC2  that  we  examined  affected  its  enzymatic  activ¬ 
ity.  This  method  can  now  be  applied  to  study  the  function  and  regulation  of  other  GTPases. 


INTRODUCTION 

Rheb  is  a  conserved,  ubiquitously  expressed  small  guanosine  triphos¬ 
phatase  (GTPase)  that  belongs  to  the  Ras  superfamily  and  has  homologs 
in  yeast,  fungi,  slime  mold  fruit  fly,  zebra  fish,  and  mammals  (1-3).  Ge¬ 
netic  and  biochemical  studies  have  firmly  established  Rheb  as  a  molec¬ 
ular  switch  that  acts  immediately  downstream  of  a  protein  complex 
consisting  of  the  products  of  the  tumor  suppressor  genes  tuberous  scle¬ 
rosis  complex  1  (TSC1)  and  TSC2  (4-8).  Mutations  in  these  genes  are  as¬ 
sociated  with  tuberous  sclerosis,  a  disorder  characterized  by  benign  tumors 
(hamartomas)  that  affect  the  brain,  kidneys,  skin,  heart,  and  lungs  ( 9 ,  10). 
In  the  guanosine  triphosphate  (GTP)-bound  state,  Rheb  assumes  an  “on” 
conformation  and  through  a  largely  unexplored  molecular  mechanism, 
potently  activates  the  protein  kinase  mammalian  target  of  rapamycin 
(mTOR),  the  master  regulator  of  global  cellular  protein  synthesis  and  growth 
(11).  mTOR  influences  the  extent  of  cellular  protein  translation  by  phos¬ 
phorylation  and  inhibition  of  4E-BP1,  a  negative  regulator  of  eukaryotic 
translation  initiation  factor  4E  (eIF4E)  (12,  13).  Another  mTOR  target, 
p70S6  kinase  (p70S6K),  broadly  influences  translation  through  the  phos¬ 
phorylation  and  activation  of  eIF4B  and  inhibition  of  eIF2  kinase  (14) 
(fig.  SI). 

TSC2  is  a  GTPase-activating  protein  (GAP)  and  mediates  this  effect 
by  interacting  with  its  target  proteins  through  its  C-terminal  GAP  do¬ 
main,  which  is  homologous  to  that  of  Rap  1  GAP  (7-10).  Upon  interacting 
with  TSC2,  GTP  hydrolysis  by  Rheb  is  accelerated  which  results  in  a 
conformational  transition  to  the  guanosine  diphosphate  (GDP)-bound 
“off”  state  of  Rheb  (15)  and  decreased  mTOR  activity.  TSC2  (also  known 
as  tuberin)  heterodimerizes  with  TSC1  (also  known  as  hamartin)  (16)  to 
form  a  complex  that  integrates  a  number  of  homeostatic  signals  within 
the  cell,  including  growth  factors,  nutrients,  oxygen,  and  cellular'  energy 


1  Division  of  Signaling  Biology,  Ontario  Cancer  Institute,  University  Health  Net¬ 
work,  Toronto,  Ontario,  Canada  M5G  2M9.  department  of  Medical  Bio¬ 
physics,  University  of  Toronto,  Toronto,  Ontario,  Canada  M5G  2M9. 
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status  (11,  1 7-21)  (fig.  SI).  In  response  to  cytokines  and  growth  factors, 
the  stability  of  the  complex  is  disrupted  through  the  phosphorylation  of 
TSC2  by  Akt  (18,  19,  22),  extracellular  signal-regulated  kinase  (ERK) 
(23),  or  ribosomal  S6  kinase  (RSK)  (24),  as  well  as  through  the  phos¬ 
phorylation  of  TSC1  by  cyclin-dependent  kinase  1  (CDK1)  (25)  or  in¬ 
hibitor  of  nuclear  factor  kB  (IkB)  kinase  p  (IKKP)  (26).  On  the  other 
hand  the  TSC1-TSC2  complex  is  stabilized  when  TSC2  is  phosphorylated 
by  adenosine  monophosphate  (AMP)-activated  protein  kinase  (AMPK)  or 
glycogen  synthase  kinase  3  (GSK-3)  in  response  to  depletion  of  cellular 
energy  (21,  27)  or  through  its  interaction  with  the  protein  regulated  in 
development  and  DNA  damage  responses  (REDD1)  in  response  to  hy¬ 
poxia  (28). 

Rheb  is  most  closely  related  to  the  small  GTPases  H-Ras  and  Rap2, 
but  differences  in  some  key  amino  acid  residues  suggest  that  Rheb  has 
a  unique  molecular  mechanism  of  action,  in  particular  the  presence  of 
an  arginine  residue  (Arg15)  in  the  conserved  position  homologous  to 
Gly12  of  Ras.  Mutations  in  Gly12  of  Ras  hinder  its  intrinsic  GTPase  ac¬ 
tivity  and  decrease  its  susceptibility  to  the  activity  of  RasGAP  (29-33). 
Consistent  with  this,  Rheb  exhibits  a  lower  intrinsic  rate  of  GTPase  ac¬ 
tivity  than  that  of  Ras;  however,  the  substitution  Arg15— »Gly15  is  not 
sufficient  to  increase  the  GTPase  activity  of  Rheb  (2,  34,  35).  Further, 
although  Rheb  has  a  potentially  catalytic  glutamine  residue  (Gin64), 
which  is  equivalent  to  Gin61  of  Ras,  the  crystal  structure  of  Rheb  shows 
that  Gin64  is  buried  in  a  hydrophobic  pocket  in  an  orientation  that  is 
incompatible  with  any  involvement  in  catalysis  (15)  (Fig.  1A). 

The  molecular  parameters  underlying  the  low  intrinsic  GTPase  ac¬ 
tivity  of  Rheb  are  not  well  understood  and  the  mechanism  by  which 
TSC2  catalyzes  GTP  hydrolysis  is  not  clear.  To  study  these  mechanisms, 
we  took  advantage  of  advances  in  nuclear  magnetic  resonance  (NMR) 
spectroscopy  to  develop  a  quantitative,  dynamic,  structure-based  real-time 
enzymatic  assay  to  measure  the  GTPase  activity  of  Rheb.  With  this  meth¬ 
od  we  obtained  a  time-resolved  record  of  intrinsic  hydrolysis  of  GTP  by 
Rheb  and  determined  the  reaction  rates  of  wild-type  (WT)  and  mutant 
Rheb  proteins,  directly  probing  the  molecular  mechanism  of  hydrolysis. 
Moreover,  we  examined  the  GAP  activity  of  several  TSC2  polypeptides, 
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including  disease-associated  GAP  domain  mutants  and  engineered  var¬ 
iants,  providing  a  quantitative  measure  of  their  activity  and  dissecting 
the  molecular  mechanism  of  TSC2  GAP  activity. 

RESULTS 

Structural  distinction  of  nucleotide-dependent  changes 
in  Rheb  by  NMR 

Based  on  the  distinct  structures  of  the  crystalline  forms  of  Rheb-GTP 
and  Rheb-GDP  (75),  we  anticipated  that  the  NMR  spectra  of  Rheb  in 
solution  would  exhibit  nucleotide-specific  differences.  We  expressed 


the  G-domain  of  Rheb  (amino  acid  residues  1  to  169)  in  Escherichia  coli 
and  collected  the  'H-15N  heteronuclear  single-quantum  coherence  (HSQC) 
NMR  spectra  of  purified  Rheb  bound  to  either  GDP  or  the  nonhydrolyzable 
GTP  analog  guanosine  5'-[P,y-imido]triphosphate  (GMPPNP),  respec¬ 
tively.  The  analysis  of  Rheb-GDP  yielded  a  well-dispersed,  high-quality 
HSQC  spectrum  (Fig.  IB),  and  backbone  resonance  assignments  of  about 
140  peaks  were  obtained  with  standard  triple-resonance  NMR  experi¬ 
ments  ( 36)  (fig.  S2A).  A  stretch  of  residues  within  the  switch  II  region 
(residues  66  to  73)  could  not  be  assigned  because  of  peak  broadening, 
which  presumably  arose  from  intermediate  time-scale  exchange  between 
two  or  more  conformational  states.  Analysis  of  Rheb-GMPPNP  also 
produced  a  well-dispersed  HSQC  spectrum  in  which  about  half  of  the 


Fig.  i  .  Structure  of  Rheb  and  NMR  spec¬ 
tral  changes  upon  nucleotide  cycling. 
(A)  Crystal  structure  of  Rheb-GDP  [based 
on  Protein  Data  Bank  (PDB)  1XTQ  (15)] 
with  key  structural  elements  and  resi¬ 
dues  indicated.  (B)  HSQC  spectra 
of  Rheb  in  the  GDP-  and  GMPPNP-bound 
states  (black  and  red,  respectively)  with 
assignments  of  key  residues  and  arrows 
to  track  changes  in  chemical  shift.  Full 
assignments  are  shown  in  fig.  S2.  Each 
spectrum  represents  an  accumulation  of 
16  scans  requiring  a  collection  time  of 
80  min.  (C)  Secondary  structure  of  Rheb 
and  changes  in  chemical  shift  for  Rheb- 
GDP  versus  Rheb-GMPPNP.  Where  res¬ 
idues  were  assigned  in  both  spectra, 
normalized  changes  in  chemical  shift 
were  calculated.  Blue  dots  indicate  res¬ 
idues  that  were  not  assigned  in  the 
GMPPNP-bound  state  and  red  dots  in¬ 
dicate  those  residues  that  were  not  as¬ 
signed  for  Rheb-GDP. 
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peaks  exhibited  chemical  shift  changes  relative  to  those  of  Rheb-GDP, 
whereas  a  number  of  peaks  were  nearly  superimposable  on  those  of  the 
Rheb-GDP  spectrum  (Fig.  IB).  Broadening  or  complete  loss  of  peaks 
were  also  observed.  Residue-specific  assignment  was  possible  for  130 
cross  peaks  in  the  'H-I5N  HSQC  spectrum  of  GMPPNP-bound  Rlieb 
(fig.  S2B);  however,  residues  corresponding  to  the  switch  I  region  (resi¬ 
dues  3 1  to  42)  were  broadened  and  could  not  be  assigned.  This  observa¬ 
tion  is  consistent  with  the  conformational  heterogeneity  of  the  switch 
regions  seen  in  other  GTPases  (37). 

Comparison  of  the  HSQC  spectra  of  GDP-  and  GMPPNP-bound  Rheb 
identified  elements  associated  with  nucleotide-dependent  structural  changes. 
Specifically,  amino  acid  residues  in  and  around  the  nucleotide-binding 
pocket,  including  the  P  loop  (residues  10  to  20)  and  switch  II  region  (resi¬ 
dues  60  to  65)  displayed  prominent  changes  in  chemical  shift  (Fig.  1C). 
Chemical  shift  index  (CSI)  values  (38)  calculated  for  the  assigned  resi¬ 
dues  were  in  full  agreement  with  the  secondary  structures  of  Rheb  pre¬ 
viously  determined  by  x-ray  crystallography  (15)  (fig.  S3). 

Development  of  a  real-time,  NMR-based  assay  for  the 
analysis  of  the  GTPase  activity  of  Rheb 

Because  our  HSQC  spectra  distinguish  Rheb  bound  to  the  GTP  analog 
from  GDP-bound  Rheb,  we  set  out  to  monitor  the  change  in  the  relative 
proportions  of  GTP-bound  and  GDP-bound  Rheb  over  time  as  a  way  to 
measure  the  GTPase  activity  of  Rheb.  To  load  Rheb  with  unmodified 
GTP,  it  was  incubated  overnight  with  a  10-fold  excess  of  GTP  in  the  pres¬ 
ence  of  10  mM  EDTA  to  promote  nucleotide  exchange  and  then  saturated 
with  Mg2+  and  desalted  by  gel  filtration  (39)  (fig.  S4).  EDTA  was  used  to 
chelate  Mg2+  and  weaken  the  binding  of  nucleotide,  whereas  the  subsequent 
addition  of  Mg2+  served  to  stabilize  GTP  binding  to  Rheb.  The  resulting 
Rheb  preparations  were  typically  >90%  loaded  with  GTP  (determined 
from  peak  ratios  in  1SN  HSQC  spectra)  and  produced  HSQC  spectra  simi¬ 
lar  to  those  of  Rheb-GMPPNP. 

To  probe  the  intrinsic  GTPase  activity  of  Rheb  in  real  time,  multiple 
15N  HSQC  spectra  of  freshly  prepared  Rheb-GTP  (400  pM,  at  19°C) 
were  collected  successively  during  the  hydrolysis  reaction,  initially  every 
5  min  and  then  with  decreasing  frequency.  The  combination  of  high- 
field  NMR  (800  MHz)  and  a  highly  sensitive  cryoprobe  allowed  us  to 
collect  reproducible  spectra  with  high  signal-to-noise  ratios  in  less  than 
5  min  (Fig.  2A).  The  first  spectrum  consisted  of  prominent  cross  peaks 
corresponding  to  Rheb-GTP  with  a  subset  of  cross  peaks  from  Rheb-GDP 
visible  just  above  the  noise  level.  As  the  hydrolysis  of  nucleotide  pro¬ 
ceeded,  peaks  corresponding  to  Rheb-GDP  increased  in  intensity,  while 
the  peaks  corresponding  to  Rheb-GTP  decreased.  Both  sets  of  peaks  ex¬ 
hibited  similar  intensities  at  ~12  hours,  and  by  44  hours  the  peaks  cor¬ 
responding  to  Rheb-GTP  were  reduced  to  the  level  of  noise,  indicating 
the  complete  turnover  of  GTP  (Fig.  2A  and  fig.  S5). 

The  intensities  of  each  Rheb-GTP  and  Rheb-GDP  cross  peak  were 
extracted  from  the  spectra  collected  at  each  time  point  and  the  peak  heights 
of  well-resolved  “reporter  residues”  were  plotted  against  time  (fig.  S6). 
Peak  heights  corresponding  to  Rheb-GTP  or  Rheb-GDP  were  normalized 
to  the  initial  spectrum  (GTP-bound)  and  the  final  spectrum  (GDP-bound), 
respectively,  and  well-resolved  peaks  were  grouped  based  on  their  posi¬ 
tion  within  the  structure  of  Rheb.  Amino  acid  residues  in  each  of  four 
regions,  (i)  the  (31  strand  and  the  P  loop,  (ii)  the  switch  I  region,  (iii)  the 
(33  strand,  the  switch  II  region,  and  the  (34  strand,  and  (iv)  the  a3  helix 
produced  GTP-specific  peaks  that  decreased  in  intensity  with  single¬ 
phase  exponential  decay  kinetics  and  GDP-specific  peaks  that  appeared 
with  the  same  kinetics  (Fig.  2B).  These  structural  elements  were  near  the 
nucleotide-binding  site  or  the  switch  regions,  consistent  with  the  notion 
that  the  observed  changes  in  NMR  spectra  reflect  the  GTPase  reaction. 
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Fig.  2.  Intrinsic  GTPase  activity  of  Rheb.  (A)  Snapshots  of  the  HSQC 
spectra  of  GTP-loaded  Rheb  taken  throughout  the  time  course  of  GTP 
hydrolysis  (time  indicated  in  minutes).  Peaks  specific  to  Rheb-GTP  are 
indicated  in  red,  peaks  corresponding  to  Rheb-GDP  that  appear  as  hy¬ 
drolysis  occurs  are  indicated  in  blue,  and  peaks  that  do  not  change  with 
hydrolysis  are  labeled  in  black.  (B)  Peak  heights  for  Rheb  residues 
corresponding  to  GTP-bound  (dark  colors,  normalized  to  T  =  0)  and 
GDP-bound  (light  colors,  normalized  to  the  end  point  of  the  hydrolysis 
reaction)  states  versus  time.  Residues  are  grouped  according  to  struc¬ 
tural  elements  and  are  colored  to  correspond  to  Fig.  1  A.  For  each  region, 
data  points  for  a  single  residue  are  indicated  in  red  or  black  (Y14,  F31, 
Q57,  K97,  Q139,  and  A167).  These  data  are  derived  from  a  representa¬ 
tive  GTPase  experiment,  with  each  time  point  representing  two  scans 
collected  over  5  min. 
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Fig.  3.  Intrinsic  GTPase  activity 
and  sensitivity  to  GAP  activity 
of  WT  and  mutant  Rheb.  (A) 

Hydrolysis  of  GTP  by  WT  Rheb 
alone  (triangles)  or  in  the  pres¬ 
ence  of  TSC 2 1525—1 742  (squares) 
presented  as  a  fraction  of  GDP 
for  each  time  point  based  on  peak 
heights  [/gdp/(/gdp  +  (3tp)]  aver¬ 
aged  for  22  residues.  Error  bars 
represent  standard  deviation  of 
the  fraction  of  GDP  reported  by  the 
22  residues.  (B)  Intrinsic  GTPase 

activity  of  Rheb  mutants  R15G  (blue  diamonds)  and  Q64L  (red  circles)  compared  to  that  of  WT  Rheb  (black  triangles).  Each  curve  is  derived  from  a 
representative  GTPase  assay  with  multiple  time  points,  each  representing  two  scans. 


In  contrast,  peaks  corresponding  to  residues  in  the  a4  and  a5  helices 
displayed  nearly  identical  positions  and  intensities  (Fig.  2B).  In  total, 
dynamic  changes  in  22  amino  acid  residues  of  Rheb  were  used  to  derive 
a  single  curve  reflective  of  the  GTPase  reaction  (Fig.  3A).  The  fraction 
of  Rheb  bound  to  GDP  was  calculated  on  the  basis  of  the  intensity  of 
each  of  the  22  peaks  [/gdp/(Adp  +  Atp)]  at  each  time  point  and  the 
averaged  data  fit  an  exponential  decay  curve  with  a  rate  of  6.7  x  10  4 
min-1,  indicative  of  a  GTP  half-life  of  1029  min  (Fig.  3A). 

Atypical  of  Ras  subfamily  members,  Rheb  contains  an  arginine  residue 
(Ai'g15)  (Fig.  1  A)  at  a  position  in  which  glycine  is  conserved  (for  example, 
Gly12  in  Ras).  Mutations  of  Gly12  (including  Gly12— »Arg12)  reduce  the 
intrinsic  GTPase  activity  of  Ras  and  severely  impair  the  ability  of  RasGAPs 
to  promote  GTP  hydrolysis  by  Ras  (30-33,  40-43).  hi  mammalian  cells, 
Rheb  proteins  with  mutations  in  Arg15  exhibit  similar  GTP  loading  to 
WT  Rheb  and  no  difference  in  downstream  signaling  processes;  however, 
the  Rheb  Arg15— >Gly15  mutant  is  partially  resistant  to  the  GAP  activity  of 
overexpressed  TSC2  (34,  35).  To  examine  the  importance  of  Arg15  for  GTP 
hydrolysis,  the  GTPase  activity  of  the  Arg15— >Gly15  mutant  Rheb  was  as¬ 
sessed  by  NMR.  Consistent  with  previous  studies,  we  found  that  this  “Ras- 
like”  mutation  did  not  improve  the  catalytic  activity  of  Rheb.  Rather,  this 
mutation  decreased  the  intrinsic  GTPase  activity  of  Rheb  by  25%  (Fig. 
3B),  which  has  not  been  previously  reported  likely  due  to  the  limitations 
of  thin-layer  chromatography  (TLC)  as  a  detection  method  for  measuring 
GTPase  activity.  Relative  to  the  effect  of  mutation  of  the  catalytic  Gin61  of 
Ras,  mutation  of  the  homologous  residue  (Gin64)  in  Rheb  has  less  effect  on 
GTP  loading  (35);  however,  the  cell-based  assay  used  could  not  complete¬ 
ly  distinguish  between  the  effects  of  the  mutation  on  the  intrinsic  GTPase 
activity  of  Rheb  and  those  that  affected  the  sensitivity  of  Rheb  to  GAP 
activity.  Based  on  its  orientation  in  the  solved  crystal  structure  of  Rheb, 
it  has  been  suggested  that  Gin64  may  not  participate  in  the  hydrolysis  of 
GTP  (15).  In  our  assay,  a  Gin64— >Leu64  mutant  of  Rheb  had  only  slightly 
decreased  catalytic  activity  compared  to  that  of  WT  Rheb  (Fig.  3B),  further 
supporting  the  conclusion  that,  unlike  in  Ras,  the  conserved  glutamine  is 
not  involved  in  hydrolysis.  Taken  together,  these  data  provide  a  dynamic 
and  quantitative  measure  of  the  GTPase  activity  of  Rheb  that  is  in  full 
agreement  with  previous  in  vivo  and  in  vitro  studies,  thus  suggesting  that 
our  assay  would  also  be  useful  for  the  study  of  the  GAP  activity  of  TSC2. 

Characterization  of  the  TSC2-GAP-catalyzed 
GTPase  activity  of  Rheb 

To  investigate  the  activity  and  mechanism  of  action  of  the  GAP  domain 
of  TSC2  (TSC2-GAP)  with  our  NMR-based  assay,  various  TSC2-GAP 
domain  polypeptides  were  designed  in  light  of  its  predicted  second¬ 
ary  structure  and  homology  to  Rap  1  GAP.  Among  the  constructs  tested. 


we  found  that  a  polypeptide  consisting  of  amino  acid  residues  1525  to 
1742  of  TSC2  (TSC2 1525_  1742)  exhibited  the  best  expression  and  sta¬ 
bility  in  E.  coli.  The  N-terminal  boundary  of  this  construct  was  cho¬ 
sen  so  as  to  encompass  all  residues  homologous  to  the  catalytic 
domain  of  Rap  1  GAP.  The  C  terminus  of  the  construct  was  limited 
by  the  presence  of  a  proteolytically  labile  site,  which  we  identified 
by  mass  spectrometry  as  the  Ala1742  to  Arg1743  peptide  linkage.  Addi¬ 
tion  of  TSC2 i525_i 742  to  Rheb-GTP  at  a  1:2  molar  ratio  increased 
Rhcb’s  rate  of  GTP  hydrolysis  by  50-fold  to  3.1  x  10-2  min-1  (Fig. 
3A).  Apart  from  accelerating  the  conversion  of  Rheb-GTP  to  Rlieb- 
GDP,  the  GAP  domain  of  TSC2i525_i742  did  not  cause  any  discemable 
changes  in  the  HSQC  spectrum.  Even  when  the  GAP  domain  of 
TSC2  i525_i  742  was  added  to  GMPPNP -bound  Rheb  at  a  1:1  molar  ratio, 
no  changes  in  the  HSQC  spectrum  of  Rheb  were  detected. 

To  assess  the  thermodynamic  properties  of  the  intrinsic  and  GAP- 
accelerated  GTPase  activities  of  Rheb,  we  examined  the  hydrolysis  of 
GTP  by  Rheb  alone  and  in  the  presence  of  the  GAP  domain  of 
TSC2  i525_i  742  at  different  temperatures.  Using  Arrhenius  plots  of  reac¬ 
tion  rate  versus  temperature  (Fig.  4A),  we  calculated  thermodynamic  ac¬ 
tivation  parameters  for  the  hydrolysis  of  GTP,  which  allowed  us  to  probe 
the  unstable  transition  state  that  represents  an  energy  barrier  on  the  reac¬ 
tion  pathway  toward  product  formation.  The  minimum  energy  required 
to  drive  the  reaction  beyond  this  threshold  is  called  the  activation  enthal¬ 
py  (A 7/1).  The  reaction  rate  also  depends  on  the  activation  entropy  (AS1): 
the  difference  in  entropy  between  the  ground  state  and  the  transition 
state.  Large  negative  values  of  AS1  indicate  that  disorder  is  reduced 
upon  formation  of  the  transition  state,  which  is  unfavorable  for  ca¬ 
talysis.  Enzymes  generally  decrease  AG1,  the  free  energy  of  activa¬ 
tion  (AG1  =  AHi  -  7A.S’1),  through  stabilization  of  the  transition  state, 
which  lowers  the  enthalpic  component  (A H*).  Compared  to  the  hydrol¬ 
ysis  of  GTP  in  water,  Rheb  reduces  AH 1  by  16.9  kJ/mol  with  little 
effect  on  AS1,  thus  reducing  AG1  by  16.7  kJ/mol  (Fig.  4B).  Ras  also 
promotes  hydrolysis  of  GTP  by  reducing  A H*,  but  to  a  greater  extent 
than  does  Rheb  (—21.5  kJ/mol)  (44),  resulting  in  a  markedly  faster  reac¬ 
tion  rate.  The  addition  of  substoichiometric  quantities  of  the  GAP  do¬ 
main  of  TSC2 i525_i 742  (1:7  molar  ratio)  to  Rheb  further  lowered  AG1 
by  6.8  kJ/mol  at  25°C,  consistent  with  the  50-fold  increase  in  reaction 
rate.  A  substantial  reduction  in  activation  enthalpy  by  TSC2-GAP 
( AAHt  =  -46.3  kJ/mol)  was  largely  offset  by  an  unfavorable  decrease 
in  activation  entropy  (-7AAS1  =  39.5  kJ/mol  at  25°C),  resulting  in  the 
modest  overall  reduction  in  free  energy  of  activation.  Taken  together,  the 
observed  decreases  in  the  enthalpic  barriers  for  GTP  hydrolysis  by  Rheb 
and  Rheb-TSC2-GAP  complex  are  consistent  with  a  conventional  enzy¬ 
matic  mechanism  involving  stabilization  of  the  transition  state. 
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Probing  the  catalytic  mechanism 
of  action  of  TSC2-GAP 

Unlike  the  “arginine  finger”  mechanism  used  by  the  Ras  and  Rho  GAPs 
to  increase  the  GTPase  activities  of  their  target  G  proteins  (30,  45),  the 
TSC2-GAP  homolog,  Rap  1  GAP,  uses  an  asparagine  residue  (Asn290)  to 
promote  nucleotide  hydrolysis  in  the  asparagine-thumb  mechanism  (46). 
The  analogous  residue  in  TSC2  (Asn1643)  is  mutated  to  Lys,  lie,  or  His  in 
patients  with  tuberous  sclerosis  (47-50),  leading  to  deregulation  of  down¬ 
stream  signaling  through  Rlieb  (7,  35).  To  assess  the  role  of  Asn1643  in  the 
GAP  activity  of  TSC2,  we  used  our  NMR-based  assay  to  analyze  TSC2  pro¬ 
teins  mutated  at  this  position.  Mutation  of  Asn1643— * Ala1643  in  TSC2i525_i742 
completely  abolished  its  activity  as  a  GAP  (Fig.  5C),  revealing  that  this  resi¬ 
due  is  essential  to  the  catalytic  mechanism  of  TSC2.  To  investigate  the  role  of 
tlie  functional  groups  of  the  side  chain  of  Asn1643  in  catalysis,  this  residue  was 
mutated  to  Asp.  Complete  loss  of  activity  in  the  Asn1643— > Asp 1643  mutant  of 
TSC21525_i742  (Fig.  5C)  showed  that  the  amide  group  of  the  side  chain  was 
essential  for  catalysis.  Moreover,  the  conservative  mutation  Asn1643— »Gln1643, 
which  preserves  the  functional  group  but  extends  the  side  chain,  completely 
eliminated  activity  (Fig.  5C),  highlighting  a  strict  requirement  for  precise 
positioning  of  the  catalytic  carboxamide.  Finally,  to  determine  whether 
TSC2  and  Rheb  could  coordinate  a  RasGAP-like  arginine  finger  mecha¬ 
nism,  an  arginine  residue  was  incorporated  in  place  of  Asn1643  of  TSC2, 
which  resulted  in  complete  loss  of  its  functions  as  a  GAP  (Fig.  5C). 

To  further  dissect  the  catalytic  mechanism,  TSC2-GAP  activity  toward 
various  Rheb  mutants  was  assessed.  The  GTPase  activity  of  the  Arg15— >Gly15 
mutant  of  Rheb  was  stimulated  only  3.5-fold  by  TSC21525_i742  compared  to  the 
50-fold  enhancement  of  the  GTPase  activity  of  WT  Rheb  by  TSC21525_i742 
(Fig.  5F),  consistent  with  a  previous  finding  that  this  mutant  is  partially 
resistant  to  the  GAP  activity  of  TSC2  (35).  Considering  that  RasGAP 
promotes  GTP  hydrolysis  by  Ras  through  an  arginine  finger  mechanism 
(Fig.  6B),  we  examined  whether  a  more  “Ras-like”  Arg15— >Gly15  mutant 
of  Rheb  could  be  affected  by  a  “RasGAP-like”  mutant  of  TSC2  by  measuring 
tire  GTPase  activity  of  the  Arg15— >Gly15  Rheb  mutant  in  the  presence  of  the 
arginine  fmger  TSC21525_i742  GAP  mutant,  TSC21525_i742  Asn1643— >Arg1643, 
and  found  that  the  rate  of  GTP  hydrolysis  [k  =  (6.4  ±  0.5)  x  10-4  min-1]  was 


similar  to  that  of  the  Arg15— >Gly15  mutant  of  Rheb  alone.  Whereas  we 
had  determined  that  the  Gin64— »Leu64  mutation  did  not  affect  the  intrinsic 
rate  of  hydrolysis  of  GTP  by  Rheb  (Fig.  3B),  we  next  investigated  whether 
Gin64  was  involved  in  the  GAP-catalyzed  hydrolysis  of  GTP.  Indeed,  Rheb 
Gin64— >Leu64  was  substantially  less  susceptible  to  the  GAP  activity  of 
TSC2  i525_i742,  exhibiting  a  reaction  rate  60%  lower  than  that  of  WT  Rheb 
in  the  presence  of  TSC2-GAP  (Fig.  5F),  which  suggests  that  Gin64  may 
play  some  role  in  the  mechanism  by  which  the  GAP  domain  of  TSC2  in¬ 
creases  the  rate  of  GTP  hydrolysis  by  Rheb. 

Analysis  of  tuberous  sclerosis-associated  GAP  domain 
mutations  of  TSC2 

Certain  mutations  found  in  TSC2  of  patients  with  tuberous  sclerosis  map  to 
the  GAP  domain  of  TSC2  (Fig.  5A)  (48).  Although  mutations  of  Asn1643 
directly  affect  the  GAP  activity  of  TSC2  (7,  35),  there  has  been  no  system¬ 
atic  characterization  of  the  activities  of  other  TSC2-GAP  mutants.  We  applied 
our  assay  to  examine  how  six  disease-associated  mutations  affected  the 
ability  of  TSC2  to  act  as  a  GAP.  We  chose  to  examine  the  effects  of  one  mu¬ 
tation  of  the  catalytic  Asn  (Asn1643— >Ile1643)  (50,  51),  two  mutations  found 
within  a  predicted  helix  that  contains  the  catalytic  residue,  His1640— >Tyr1640 
(52)  and  Lys  — >Asn  (51),  as  well  as  three  disease-associated  mutations 
that  are  predicted  to  map  to  surface-exposed  regions  of  the  GAP  domain 
proximal  to  the  catalytic  Asn1643,  Glu1558— >Lys1558  (49,  J3),  Leu1594— ►Met1594 
(48),  and  Asp1690^Tyr1690  (54)  (Fig.  5B).  The  quality  of  each  TSC2-GAP 
mutant  protein  preparation  was  assessed  from  their  gel-filtration  chromato¬ 
grams  and  circular  dichroism  (CD)  spectra  (fig.  S7).  Consistent  with  the  loss 
of  activity  associated  with  four  other  mutations  of  the  catalytic  Asn  (Fig. 
5C),  the  TSC2  i525_i742  Asn1643— >Ile1643  mutant  was  inactive  (Fig.  5D).  Like¬ 
wise,  disease-associated  mutations  of  His1540  and  Lys1638,  proximal  to  Asn1643, 
as  well  as  the  more  distal  residue  Glu1558  each  eliminated  the  GAP  activ¬ 
ity  of  TSC2  (Fig.  5D).  The  conservative  substitution  Leu1594— >Met1594  re¬ 
sulted  in  an  about  80%  reduction  in  the  GAP  activity  of  TSC2  compared 
to  that  of  WT  TSC2  (Fig.  5D).  Conversely,  the  Asp1690— >Tyr1690  mutation 
did  not  impair  the  GAP  activity  of  TSC2,  indicating  that  its  effect  on  the 
pathology  of  tuberous  sclerosis  likely  does  not  involve  direct  modulation 


Fig.  4.  Thermodynamic  activation  parameters  for  GTP  hydrolysis  by  Rheb 
and  the  GAP  domain  of  TSC2.  (A)  Arrhenius  plots  for  GTP  hydrolysis  by 
Rheb  alone  (triangles)  and  in  the  presence  of  TSC21525_i742  (squares). 
Each  data  point  represents  a  rate  calculated  from  a  representative 
GTPase  assay  consisting  of  40  and  20  time  points  for  Rheb  alone  and 


Rheb  with  TSC2,  respectively.  (B)  Summary  of  thermodynamic  activation 
parameters  [free  energy  of  activation  (AG4),  activation  enthalpy  (A/-/4), 
and  activation  entropy  (TAS4)  in  kilojoules  per  mole]  calculated  for  GTP 
hydrolysis  by  Rheb  and  Rheb-TSC2-GAP  in  this  study,  and,  by  way  of 
comparison,  for  GTP  alone,  Ras,  and  Ras-RasGAP  from  Kotting  etal.  (64). 
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of  GAP  activity.  It  should  be  noted  that  all  of  the  described  TSC2  mutants 
produced  similar  CD  spectra,  except  for  Glu1558— >Lys1558,  which  exhib¬ 
ited  a  CD  spectrum  that  was  slightly  different  from  that  of  WT  TSC2  (fig 
S7B).  The  spectrum  of  the  Glu1558— >Lys1558  mutant  was  likely  of  poor  qual¬ 
ity  because  it  was  collected  at  a  substantially  lower  concentration  of  protein 
than  was  the  case  for  the  other  TSC2  mutants,  due  to  its  limited  solubility 
and  recovery  when  expressed  in  E.  coli.  Judged  by  this  spectrum  and  its 
reduced  solubility,  we  cannot  rule  out  the  possibility  that  the  lack  of  GAP 
activity  of  this  mutant  could  be  due  to  partial  misfolding  of  the  protein. 

Mapping  the  TSC2-GAP-binding  site  of  Rheb 

The  GAP  activities  of  the  assayed  disease-associated  mutant  TSC2  pro¬ 
teins  highlighted  some  of  the  residues  required  for  catalysis  of  GTP  hy¬ 


drolysis,  binding  to  Rheb,  or  both.  To  map  the  Rheb-binding  site  on  the 
TSC2-GAP  domain  in  more  detail,  we  engineered  several  mutations  of 
TSC2  that  have  not  been  reported  in  patients  with  tuberous  sclerosis. 
Phe1666  is  a  conserved  residue  that  is  predicted  to  be  spatially  adjacent 
to  the  asparagine  thumb  and  is  homologous  to  a  Rap  1  GAP  residue  im¬ 
plicated  in  binding  to  Rapl  (55).  The  Phe1666— > Ala 1666  mutation  reduced 
the  GAP  activity  of  the  mutant  protein  by  95%  compared  to  that  of  WT 
TSC2  (Fig.  5E).  Asp1598  and  Glu1602,  together  with  the  disease-associated 
site  Leu1594,  reside  within  a  predicted  loop  homologous  to  a  region 
of  Rapl  GAP  that  is  involved  in  extensive  contacts  with  Rapl.  Surprising¬ 
ly,  the  Asp1598— >Ala1598  and  Glu1602— *. Ala 1602  mutants  of  TSC2  exhibited 
full  GAP  activity.  Taken  together,  our  systematic  analysis  of  TSC2-GAP 
mutants  revealed  certain  similarities  between  TSC2  and  Rapl  GAP  within 


Fig.  5.  Mutational  analysis  of  the 
GAP  activity  of  TSC2.  (A)  Domain 
map  of  TSC2  and  the  GAP  domain 
construct  indicating  the  positions 
of  mutations  investigated  in  this 
study.  (B)  Model  of  the  GAP  domain 
of  TSC2  (residues  1539  to  1721) 
based  on  its  homology  to  Rapl  GAP 
(PDB  1SRQ)  showing  the  position 
of  the  putative  asparagine  thumb, 
Asn1643.  The  predicted  locations  of 
disease-associated  and  engineered 
mutations  analyzed  in  this  study  are 
shown  and  the  predicted  helix  that 
supports  the  asparagine  thumb  is 
highlighted  in  yellow.  (C)  GAP  activ¬ 
ity  of  Asn1643  mutants  of  TSC21525-i742 
(N1643A,  purple  X;  N1643D,  red  cir¬ 
cles;  N1643Q,  blue  inverted  triangles; 
N1643R,  green  diamonds)  versus  WT 
TSC2^ 525_i 742  (black  squares)  and 
the  intrinsic  GTPase  activity  of  Rheb 
alone  (black  triangles).  (D)  Effects 
of  disease-associated  mutations  on 
the  GAP  activity  of  TSC21525-i742 
(N1643I,  blue  squares;  H1640Y,  pur¬ 
ple  X;  K1638N,  orange  diamonds; 
E1558K,  dark  red  inverted  triangles; 
L1594M,  red  diamonds;  D1690Y, 
green  circles;  and  WT  TSC21525-i742, 
black  squares).  (E)  Effects  of  engi¬ 
neered  mutations  on  the  GAP  activity 
of  TSC21525_i742  (D1598A,  black  cir¬ 
cles;  E1602A,  green  triangle;  F1666A, 
pink  diamonds).  (F)  GAP-catalyzed 
GTP  hydrolysis  by  Rheb  R15G  (green 
diamonds)  and  Q64L  (orange  cir¬ 
cles)  relative  to  that  of  WT  Rheb 
(black  squares).  Each  curve  in  (C) 
to  (F)  presents  the  result  of  a  repre¬ 
sentative  GTPase  assay  in  which 
each  time  point  is  an  average  of 
two  scans  and  the  error  bars  indicate 
the  standard  deviation  of  the  frac¬ 
tion  of  GDP  reported  by  22  residues. 
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Fig.  6.  Mechanisms  of  GAP  activity.  (A)  TSC2  provides  an  asparagine 
thumb  that  substitutes  for  the  Gin64  residue  of  Rheb,  which  is  not  cata¬ 
lytic  but  may  form  a  protein-protein  interaction  with  the  GAP  domain. 
Arg15,  which  is  not  involved  in  the  intrinsic  mechanism  of  GTP  hydroly¬ 
sis,  plays  a  role  in  the  GAP-catalyzed  reaction,  either  by  promoting  ca¬ 


talysis  or  by  binding  to  the  GAP.  (B)  Rapl  lacks  the  catalytic  Gin61, 
which  is  replaced  by  an  asparagine  thumb  provided  by  RaplGAP. 
Swl,  switch  I;  Swll  switch  II.  (C)  RasGAP  provides  an  arginine  finger, 
which  is  directly  involved  in  catalysis  and  stabilizes  the  catalytic  Gin61 
to  promote  activity. 


the  catalytic  core,  but  key  differences  within  the  adjacent,  partially  con¬ 
served  regions. 

DISCUSSION 

Based  on  the  unique  property  of  small  GTPases  that  they  tightly  as¬ 
sociate  with  both  the  substrate  and  the  product  of  their  enzymatic  ac¬ 
tivity,  thus  assuming  two  distinct  conformations,  we  have  developed  an 
NMR-based,  real-time  assay  to  analyze  the  intrinsic  GTPase  activity  of 
Rheb  and  the  GAP  activity  of  TSC2.  The  present  study  is  the  first  ex¬ 
ample  of  the  use  of  two-dimensional  heteronuclear  NMR  spectroscopy 
to  provide  a  real-time  comprehensive  assay  of  the  reaction  kinetics  of 
nucleotide  hydrolysis  by  a  heterotrimeric  GTP-binding  protein  (G  protein). 
This  method  relies  on  dynamic  monitoring  of  changes  in  the  chemical 
shifts  of  each  amino  acid  residue,  which  are  dependent  on  nucleotide- 
induced  changes  in  the  chemical  environment  and  the  structure  of  the 
protein.  Among  existing  GTPase  assays,  those  that  use  TLC  or  high- 
performance  liquid  chromatography  (HPLC)  to  separate  reaction 
products  after  the  incubation  of  [P-32P]GTP-loaded  G  protein  are  not 
consistent  with  determination  of  reaction  kinetics  or  detection  of  sub¬ 
tle  differences  in  GTPase  activity.  Although  fluorescently  tagged  nu¬ 
cleotides  have  enabled  real-time  measurements  of  GTP  hydrolysis  for 
certain  GTPases,  not  all  G  proteins  are  compatible  with  these  modi¬ 


fied  nucleotides  {56),  and  it  cannot  be  predicted  a  priori  whether  a 
fluorescent  label  might  interfere  with  the  interactions  between  a 
GTPase  and  its  regulators.  The  method  presented  here  also  eliminates 
many  of  the  shortcomings  of  traditional  approaches  in  that  only  well- 
folded  protein  contributes  to  the  numeric  output.  Further,  kinetic 
information  is  gathered  for  individual  residues  and  can  be  directly 
correlated  with  the  specific  structural  elements  within  the  examined 
protein.  Finally,  our  NMR-based  method  does  not  require  chemical 
modifications  of  either  the  GTPase  or  the  substrate,  thus  eliminating 
the  biases  introduced  by  their  alterations. 

Mechanistic  aspects  of  intrinsic  and  TSC2-GAP- 
catalyzed  hydrolysis  of  GTP  by  Rheb 

Our  work  provides  a  quantitative  measure  of  the  rate  of  GTP  hydrolysis 
by  Rheb  (with  a  half-life  of  ~17  hours  at  19°C),  which  is  12-  to  55-fold 
lower  than  the  rates  measured  for  various  Ras  isoforms  (44,  57-59). 
Consistently,  previous  end  point  measurements  and  metabolic  labeling 
experiments  have  suggested  that  the  intrinsic  rate  of  GTP  hydrolysis 
by  Rheb  is  lower  than  that  of  Ras  (2,  7,  35,  60,  61),  and  that  Rheb 
isolated  from  cells  is  predominantly  in  the  activated,  GTP-bound  state 
{8,  34,  35). 

The  high  fidelity  of  our  real-time,  NMR-based  assay  allowed  us  to  ex¬ 
plore  the  activity  of  a  minimal  GAP  domain  of  TSC2,  which  was  previ- 
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ously  thought  to  be  inactive  (55,  46).  We  found  that  relatively  high  con¬ 
centrations  of  the  GAP  domain  of  TSC2  were  required  to  stimulate  the 
GTPase  reaction  of  Rheb  (200  to  400  |iM  [15N]Rheb  was  used  to  achieve 
high  signal-to-noise  ratios  in  the  assay  and  the  GAP  domain  of  TSC2 
added  was  half  of  that  of  [15N]Rheb).  Under  these  conditions,  the  mea¬ 
sured  half-life  of  GTP  was  ~22  min,  similar  to  that  determined  by  the 
HPLC-based  assay  reported  by  Scrima  et  al.  (55).  In  contrast,  when  the 
GAP  domain  of  TSC2  was  used  at  a  1:50  molar  ratio  relative  to  Rheb, 
there  was  no  enhancement  of  the  GTP  hydrolysis  rate  by  Rheb  \k  =  (5.2  ± 
0.6)  x  10-4  min-1].  The  methodology  developed  here  lays  the  groundwork 
for  the  characterization  of  full-length  TSC2  and  the  TSC1-TSC2  hetero¬ 
dimer,  which  may  determine  whether  other  domains  in  this  molecular 
complex  contribute  to  its  affinity  for  Rheb  or  to  catalysis  of  the  GTPase 
activity  of  Rheb. 

GAP  domains  are  diverse  both  in  their  structures  and  in  the  mechanisms 
by  which  they  act  on  their  cognate  G  proteins  {62).  RasGAPs  stabilize 
the  Gin61  residue  of  Ras  in  a  catalytically  competent  position  and  insert 
an  arginine  finger  that  interacts  with  the  (5  and  y  phosphates  of  GTP  and 
stabilizes  the  transition  state  of  the  hydrolysis  reaction  {30).  Although 
they  are  structurally  divergent,  RhoGAPs  also  function  by  a  remarkably 
similar  mechanism  {45).  The  GAP  domain  of  TSC2  is  distinct  from  those 
of  other  GAPs,  but  is  homologous  to  the  catalytic  domain  of  Rap  1  GAP, 
which  uses  a  catalytic,  asparagine  thumb  that  appears  to  substitute  for 
the  catalytic  glutamine  that  is  absent  in  Rapl  (46,  55,  63).  Our  results 
strongly  support  the  asparagine-thumb  mechanism  for  the  action  of  the 
GAP  domain  of  TSC2,  because  mutation  of  Asn1643  to  Ala,  Asp,  Gin, 
Arg,  or  lie  completely  eliminated  its  GAP  activity  (Fig.  5,  C  and  D). 
Inactivation  of  the  GAP  activity  of  TSC2  by  the  Asn1643— >Asp1643  mu¬ 
tation  (Fig.  5C)  highlighted  the  importance  of  the  amide  group.  The 
complete  loss  of  GAP  activity  of  TSC2  after  the  Asn1643— »Gln1643  muta¬ 
tion  (Fig.  5C)  showed  the  strict  requirement  for  the  appropriate  positioning 
of  the  carboxamide  of  the  asparagine  thumb,  which  may  interact  with  the 
nucleophilic  water  molecule  (55).  Not  surprisingly,  the  Asn1643— >Arg1643 
mutant  TSC2  protein  failed  to  act  as  a  GAP  with  either  WT  Rheb  or  the 
Ras-like  Arg15— >Gly15  mutant  of  Rheb,  indicating  that  the  GAP  domain  of 
TSC2  is  incompatible  with  an  arginine  finger-like  catalytic  mechanism. 

Given  the  importance  of  the  Asn1643  residue  of  TSC2  for  catalysis  of 
GTP  hydrolysis  by  Rheb,  we  investigated  whether  this  residue  replaced 
the  Gin64  of  Rheb  during  GTP  hydrolysis.  The  Gin64— >Lcu64  mutant  of 
Rheb  was  less  sensitive  than  WT  Rheb  to  the  GAP  activity  of  TSC2;  how¬ 
ever,  the  rate  of  its  hydrolysis  of  GTP  was  still  stimulated  >20-fold  by  the 
GAP  domain  of  TSC2  (Fig.  5F),  implying  that  Gin64  of  Rheb,  unlike 
Gin61  of  Ras,  did  not  directly  participate  in  GTP  hydrolysis  (Fig.  6). 
Rather,  the  modest  reduction  by  this  substitution  of  the  sensitivity  of  the 
mutant  protein  to  the  GAP  activity  of  TSC2  suggested  that  Gin64  of  Rheb 
may  contribute  to  proper  association  or  complex  formation  with  the  GAP 
domain.  Similarly,  Thr61,  which  is  in  the  equivalent  position  in  Rapl  to 
Gin64  of  Rheb,  is  not  catalytic,  but  its  mutation  disrupts  the  interaction 
between  Rapl  and  RaplGAP  (55,  63). 

Mutation  of  Gly12  of  Ras  not  only  impairs  its  intrinsic  GTPase  activ¬ 
ity,  but  also  eliminates  the  ability  of  the  RasGAPs  to  promote  GTP  hy¬ 
drolysis  by  Ras  (30-33,  40-43).  Rheb  contains  an  Arg  in  the  equivalent 
position  and  our  results  showed  that  the  Arg15— >Gly15  mutation  had  little 
effect  on  the  intrinsic  rate  of  GTP  hydrolysis,  but  reduced  the  sensitiv¬ 
ity  of  mutant  Rheb  to  the  GAP  activity  of  TSC21525_i742  by  95%  com¬ 
pared  to  that  of  WT  Rheb.  This  is  consistent  with  the  possibility  that 
Arg15  of  Rheb  is  critical  for  the  optimal  interaction  between  Rheb  and 
TSC2.  Alternatively,  the  positively  charged  side  chain  of  Arg15  may  be 
aligned  by  the  GAP  domain  of  TSC2  such  that  it  contributes  to  the 
catalytic  mechanism. 


Thermodynamic  considerations  of  GTP  hydrolysis  by 
Rheb  and  TSC2-GAP 

We  studied  the  temperature  dependence  of  rates  of  GTP  hydrolysis  and 
compared  the  theimodynamic  activation  parameters  for  the  hydrolysis 
of  GTP  by  Rheb  to  those  previously  reported  for  Ras.  Like  Ras,  Rheb 
catalyzes  GTP  hydrolysis  primarily  by  lowering  the  activation  enthalpy, 
although  Rheb  is  less  potent  than  Ras  (AA H*  =  —16.9  kj/mol  for  Rheb 
compared  to  AAH*  =  —21.7  kj/mol  for  Ras),  resulting  in  a  higher  free 
energy  of  activation  (99.9  kJ/mol  compared  to  92.4  kj/mol)  and  a  slower 
reaction  rate  (Fig.  4,  A  and  B).  Addition  of  the  GAP  domain  of  TSC2  to  Rheb 
substantially  reduced  the  activation  enthalpy  (from  87.6  to  41.3  kj/mol), 
which  was  offset  in  part  by  a  large  decrease  in  activation  entropy  (from 
—12.3  to  —51.8  kJ/mol).  This  is  in  contrast  to  the  RasGAP  neurofibromin 
(NF1),  which  drives  the  hydrolysis  of  GTP  by  increasing  the  activation 
entropy  (—9.6  to  +39  kj/mol  for  the  cleavage  reaction)  (64).  This  in¬ 
crease  in  entropy  is  achieved  by  an  unconventional  mechanism  in  which 
displacement  of  ordered  water  molecules  from  the  Ras-binding  pocket 
upon  insertion  of  the  arginine  finger  of  NF1  provides  an  entropic  contri¬ 
bution  of  free  energy  that  may  be  used  toward  bond  cleavage. 

In  contrast,  our  results  indicate  that  TSC2  uses  a  more  conventional 
enthalpy-driven  enzymatic  reaction  mechanism,  which  typically  involves 
stabilization  of  the  transition  state  through  electrostatic  interactions  (65). 
The  thermodynamic  differences  between  NF 1  and  TSC2  indicate  distinct 
structural  bases  for  the  reactions.  The  asparagine  thumb  of  TSC2  does 
not  fill  the  nucleotide-binding  pocket  of  Rheb  and  is  unlikely  to  displace 
water  molecules.  Rather,  foimation  of  a  structurally  stabilized  GAP  domain- 
Rheb  complex  may  be  entropically  unfavorable.  The  asparagine  thumb 
likely  contributes  to  the  reduced  activation  enthalpy  in  a  manner  analo¬ 
gous  to  that  of  Gin61  of  Ras;  however,  the  large  effect  on  A suggests  that 
auxiliary  mechanisms  may  contribute  to  GTP  hydrolysis.  These  results 
show  that  the  entropic  mechanism  proposed  for  RasGAP  by  Kotting 
and  co-workers  (64)  cannot  be  generalized  for  all  GAPs.  Further  struc¬ 
tural  studies  will  be  needed  to  fully  elucidate  the  details  of  the  catalytic 
activity  of  GAP  domain  of  TSC2. 

The  effect  of  polymorphisms  and  disease-associated 
mutations  of  TSC2 

Our  analysis  has  shown  that  most  disease-associated  mutants  of  TSC2 
affect  its  catalytic  activity.  Based  on  the  shared  asparagine  thumb-based 
catalytic  mechanism  and  sequence  homology  between  RaplGAP  and  TSC2, 
we  analyzed  the  GAP  activity  of  a  series  of  tuberous  sclerosis-associated 
mutations  in  TSC2  that  were  predicted  to  occur  at  surface  residues  (Fig. 
5B).  Consistent  with  our  analysis  of  other  mutations  of  the  asparagine  thumb 
(Fig.  5C),  the  disease  mutation  Asn1643— >Ile1643  (50,  51)  eliminated  the 
activity  of  the  GAP  domain  of  the  mutant  TSC2,  which  strongly  suggested 
that  the  inability  to  inactivate  Rheb  underlies  the  pathogenesis  of  this  mu¬ 
tation,  as  is  likely  the  case  with  the  other  disease-associated  mutations  at 
this  position:  Asn  1S43-*His 1643  (49)  and  Asn1643-*Lys1643  (48). 

The  catalytic  Asn  of  RaplGAP  is  situated  at  the  C  terminus  of  an 
eight-residue  helix  (46),  which  is  conserved  in  TSC2.  We  found  that  tu¬ 
berous  sclerosis-associated  mutations  in  two  invariant  residues  within 
this  helix,  His1640— >Tyr1640  (52)  and  Lys1638— >Asn1638  [Leiden  Open  Varia¬ 
tion  Database  (LOVD)],  eliminated  GAP  activity  (Fig.  5D).  The  solved 
structures  of  RaplGAP  (46,  55)  suggest  that  these  residues,  which  cor¬ 
respond  to  His287  and  Lys285  in  RaplGAP,  respectively,  are  important  for 
proper  positioning  of  the  helix,  and  thus  of  the  catalytic  Asn  of  TSC2, 
for  catalysis.  The  Lys285  residue  of  RaplGAP  forms  an  intramolecular 
salt  bridge  with  the  invariant  Glu207,  and  mutation  of  either  of  these  re¬ 
sidues  profoundly  impairs  the  activity  of  RaplGAP  (46,  55,  66).  Like¬ 
wise,  a  tuberous  sclerosis-associated  TSC2  mutant,  Glu1558— ►Lys1 558 
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(49,  53),  which  is  homologous  to  Glu207  of  Rap  1  GAP,  abolished  its 
GAP  activity  (Fig.  5D),  possibly  by  destabilizing  the  structure  of  the 
GAP  domain. 

The  complete  loss  of  activity  associated  with  these  mutations  is 
likely  due  directly  to  disrupted  catalytic  function.  To  identify  residues 
of  the  GAP  domain  of  TSC2  involved  in  binding  to  Rlieb,  we  analyzed 
disease-associated  mutations  and  engineered  mutations  of  residues  pre¬ 
dicted  to  be  proximal  to  the  catalytic  residue  in  the  three-dimensional 
structure  of  TSC2.  Phe1666  of  TSC2  is  conserved  and  equivalent  to 
Phe313  of  Rap  1  GAR  which  forms  part  of  a  hydrophobic  binding  site 
for  Rapl  beside  the  asparagine  thumb.  The  mutation  Phe1666— ►  Ala 1666 
reduced  the  GAP  activity  of  TSC2  by  95%  compared  to  that  of  WT 
TSC2  (Fig.  5E),  suggesting  that  a  hydrophobic  patch  similar  to  that  of 
RaplGAP  plays  a  role  in  the  docking  of  Rheb  with  TSC2.  On  the  other 
side  of  the  asparagine  thumb,  a  long  loop  in  RaplGAP  is  involved  in 
extensive  protein-protein  contacts  with  Rapl  (5J),  and  several  disease- 
associated  mutations  have  been  found  in  the  corresponding  region  of 
TSC2,  including  Leu1594-*Met1594  (48),  Gly'595->Arg1595  (LOVD),  and 
Leu1597— >Pro1597  (49).  Surprisingly,  a  conservative  Leul594-+Met1594  sub¬ 
stitution  at  this  position  substantially  reduced  the  GAP  activity  of  TSC2 
(Fig.  5D).  Because  fully  active  RaplGAP  contains  a  divergent  Arg  at 
the  position  homologous  to  the  Leu1594  of  TSC2,  this  implicates  this 
region  in  determining  the  specificities  of  these  GAPs  toward  their  cog¬ 
nate  GTPases.  To  examine  the  role  of  a  conserved  residue  within  this 
loop,  we  designed  a  mutation  of  a  strictly  conserved  residue,  Asp1598, 
which  is  homologous  to  Asp244  of  RaplGAP,  which  appears  to  be  im¬ 
portant  for  binding  to  Rapl.  Nevertheless,  the  Asp1598— » Ala1598  mutation 
had  no  effect  on  the  GAP  activity  of  TSC2,  revealing  further  differences 
between  Rapl  and  TSC2  in  this  region.  Likewise,  mutation  of  TSC2 
Glu1602  to  Ala  did  not  reduce  its  GAP  activity.  Finally,  we  found  that 
the  disease-associated  TSC2  mutation  of  Asp1690,  a  residue  found  variant 
in  independent  cohorts  of  patients  with  tuberous  sclerosis  (LOVD),  to  Tyr 
surprisingly  had  no  effect  on  GAP  activity.  Participation  of  this  residue  in 
the  pathology  of  tuberous  sclerosis  is  likely  mediated  by  another  aspect  of 
TSC2  function,  such  as  its  interaction  with  TSC1,  its  intracellular 
trafficking,  its  stability,  or  its  susceptibility  to  regulatory  posttranslational 
modifications  such  as  phosphorylation. 

Implications  for  the  analysis  of  other  GTPases 

The  real-time,  NMR-based  method  described  here  can,  in  principle,  be  ap¬ 
plied  to  any  G  protein,  as  well  as  to  the  analysis  of  the  regulatory  effect  of 
their  cognate  GAPs  and  GEFs.  hi  the  case  of  Rheb,  considering  its  rela¬ 
tively  low  intrinsic  GTPase  activity,  the  frequency  and  the  duration  of  col¬ 
lection  of  each  FISQC  spectrum  was  not  a  factor  in  deriving  the  rate  of 
GTP  hydrolysis.  Flowever,  for  the  analysis  of  more  efficient  GTPases, 
such  as  Ras  and  Rho,  the  temporal  resolution  of  data  collection  can  be 
substantially  unproved  on  by  the  recently  developed  band-selective  opti¬ 
mized  flip-angle  short  transient  (SOFAST)  NMR  pulse  sequence,  which 
facilitates  collection  of  two-dimensional  heteronuclear  multiple  quantum 
coherence  (F1MQC)  spectra  with  a  temporal  resolution  of  a  few  seconds 
(67).  We  used  this  methodology  to  perform  a  real-time,  NMR-based  as¬ 
say  of  GAP  activity  in  which  each  spectrum  was  collected  in  30  s  (fig. 
S8).  The  rate  of  this  TSC2-GAP-catalyzed  reaction  is  comparable  to  the 
intrinsic  GTPase  rate  of  Ras,  and  >70  data  points  were  obtained  to 
monitor  the  reaction.  Capturing  the  extremely  rapid  RasGAP-catalyzed 
reactions  would  be  challenging,  but  might  be  accomplished  by  titration 
of  the  concentration  of  the  GAP  protein  to  achieve  a  suitable  reaction 
rate.  Another  challenge  to  studying  highly  active  GTPases  is  in  obtaining 
fully  GTP-loaded  protein  preparations.  This  could  be  overcome  through 
the  use  of  photocaged  GTP  analogs,  which  remain  stable  in  complex  with 


the  G  protein  until  their  activation  by  a  pulse  of  light  (68).  Finally,  although 
the  current  protocol  requires  substantial  quantities  of  protein  (500  pi  of  sam¬ 
ple  at  a  concentration  of  ^200  pM,  or  >2  mg  per  assay),  we  have  obtained 
reasonable  results  with  as  little  as  30  pi  of  sample  at  a  concentration  of  ^200 
pM  (~100  pg  total  protein)  with  a  recently  developed  1.7-mm  micro- 
cryoprobe  (Bruker  Biospin)  (fig.  S9).  Despite  these  challenges,  real-time 
NMR  enables  the  acquisition  of  temporally  resolved,  structure-specific 
data  with  nonradioactive,  unmodified,  natural  nucleotides,  which  should 
provide  further  mechanistic  detail  and  a  deeper  understanding  of  the  nu¬ 
cleotide  catalysis  reactions  of  many  small  GTPases. 

MATERIALS  AND  METHODS 

Sample  preparation  and  resonance  assignments 

The  G  domain  of  Rheb  (residues  1  to  169,  with  the  C-terminal  hypervari¬ 
able  region  and  the  CAAX  box  truncated)  was  expressed  as  a  glutathione-S- 
transferase  (GST)  fusion  protein  from  PGEX2T  in  the  E.  coli  strain  BL21 
DE3  Codon+  by  induction  with  0.2  mM  isopropyl-P-D-thiogalactopyranoside 
at  15°C  overnight  and  enriched  by  binding  to  a  glutathione-Sepharose  res¬ 
in.  Rheb  was  cleaved  from  GST  on  the  resin  with  thrombin  and  further 
purified  by  gel-filtration  chromatography  (S-75).  Recombinant  Rheb  ex¬ 
pressed  in  E.  coli  was  purified  primarily  in  the  GDP-bound  form.  GMPPNP- 
bound  Rheb  was  prepared  by  adding  an  excess  of  this  nonhydrolyzable 
GTP  analog  in  the  presence  of  EDTA  to  decrease  the  affinity  of  GDP  and 
calf  instestinal  alkaline  phosphatase  to  degrade  GDP  (39).  [13C-15N]Rheb 
and  deuterated  [13C-15N]Rheb  were  produced  in  M9  media  supplemented 
with  [13C]glucose  and  [15N]ammonium  chloride,  and  triple-resonance 
experiments  were  performed  to  assign  backbone  resonances  (see  Supple¬ 
mentary  Methods).  For  GTPase  assays,  [15N]Rlieb  was  loaded  with  GTP 
by  incubation  with  a  10-fold  excess  of  GTP  in  the  presence  of  EDTA.  After 
replenishing  Mg2+,  excess  nucleotide  and  EDTA  were  removed  with  a  de¬ 
salting  column  and  the  FISQC  spectra  were  collected  as  soon  as  possible. 

NMR-based  GTPase  assay 

'H-^N  sensitivity-enhanced  FISQC  spectra  (two  scans)  were  collected  on  a 
Bruker  Advance  II  800-MHz  spectrometer  equipped  with  a  5-mm  TCI 
CryoProbe.  The  concentration  of  Rheb  was  0.2  to  0.5  mM,  and  acquisition 
of  each  spectrum  required  5  min.  NMR  spectra  were  processed  and  analyzed 
with  NMRpipe  (69).  Cross  peaks  were  picked  and  assigned  in  the  reference 
spectra  to  create  Rheb-GTP  (first  spectrum)  and  Rheb-GDP  (last  spectrum); 
peak  lists  and  peak  heights  were  extracted  for  each  spectrum.  The  fraction  of 
Rheb  in  the  GDP-bound  form  |/gdp/(/gdp  +  Tgtp)]  was  calculated  from  the 
peak  intensities  (I)  of  22  reporter  residues,  plotted  against  time,  and  fit  to  a 
one-phase  exponential  decay  curve.  A  construct  encoding  residues  1525  to 
1742  of  TSC2  was  cloned  into  pGEX2T,  expressed  in  LB  medium  and  pu¬ 
rified  as  described  for  Rheb.  A  homology  model  of  the  GAP  domain  of 
TSC2  including  residues  1539  to  1721  was  constructed  with  SWISS- 
MODEL  (70)  with  RaplGAP  (PDB  1SRQ)  as  a  template.  To  assay 
GTP  hydrolysis  in  the  presence  of  the  GAP  domain,  a  reference  spectrum 
of  GTP-loaded  Rheb  was  collected;  a  small  volume  of  highly  concentrated 
GAP  in  NMR  buffer  was  added  (in  a  1:2  molar  ratio)  and  a  series  of 
spectra  were  collected,  initially  at  5-min  intervals.  Mutants  of  Rheb  and 
TSC2  were  generated  with  Quikchange  (Stratagene)  and  sequences  were 
confirmed  by  DNA  sequencing. 

Thermodynamic  activation  parameters  for  GTPase 
activity  of  Rheb  alone  and  with  TSC2 

To  measure  the  thermodynamic  activation  parameters  for  GTP  hydrol¬ 
ysis  by  Rheb  alone  and  for  the  TSC2-GAP-catalyzed  reaction,  the 
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NMR-based  GTPase  assay  was  performed  at  four  different  temperatures 
(287,  292,  296,  and  301.5  K).  TSC21525_i742  was  added  to  Rheb  at  a 
molar  ratio  of  1 :7.  Arrhenius  plots  were  constructed  by  plotting  \n(k) 
as  a  function  of  1  IT  and  were  then  used  to  calculate  activation  energy 
(2sa),  activation  entropy  (AS*),  activation  enthalpy  (A//*),  and  free  energy 
of  activation  (AG*). 


SUPPLEMENTARY  MATERIALS 

www.sciencesignaling.org/cgi/content/full/2/55/ra3/DC1 

Methods 

Fig.  SI.  Role  of  Rheb  in  mTOR  signaling. 

Fig.  S2.  Spectra  of  Rheb-GDP  and  Rheb-GMPPNP. 

Fig.  S3.  Secondary  structure  and  chemical  shift  index  analysis. 

Fig.  S4.  Preparation  of  Rheb-GTP  for  GTPase  assay. 

Fig.  S5.  Time  course  of  GTP  hydrolysis  of  Rheb-GTP. 

Fig.  S6.  Analysis  of  Rheb-GTP  and  Rheb-GDP  during  GTP  hydrolysis. 

Fig.  S7.  Circular  dichroism  spectra  of  WT  TSC21225-i742  and  its  variants. 

Fig.  S8.  Further  development  of  real-time  NMR  method  to  increase  temporal  resolution. 

Fig.  S9.  Further  development  of  real-time  NMR  method  to  decrease  sample  requirement. 
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The  Ras  family  of  small  GTPases  control  diverse  signaling 
pathways  through  a  conserved  “switch”  mechanism,  which  is 
turned  on  by  binding  of  GTP  and  turned  off  by  GTP  hydrolysis 
to  GDP.  Full  understanding  of  GTPase  switch  functions 
requires  reliable,  quantitative  assays  for  nucleotide  binding  and 
hydrolysis.  Fluorescently  labeled  guanine  nucleotides,  such  as 
2'(3')-0-(A/-methylanthraniloyl)  (mant)-substituted  GTP  and 
GDP  analogs,  have  been  widely  used  to  investigate  the  molecular 
properties  of  small  GTPases,  including  Ras  and  Rho.  Using  a 
recently  developed  NMR  method,  we  show  that  the  kinetics  of 
nucleotide  hydrolysis  and  exchange  by  three  small  GTPases, 
alone  and  in  the  presence  of  their  cognate  GTPase-activating 
proteins  (GAPs)  and  guanine  nucleotide  exchange  factors,  are 
affected  by  the  presence  of  the  fluorescent  mant  moiety.  Intrin¬ 
sic  hydrolysis  of  mantGTP  by  Ras  homolog  enriched  in  brain 
(Rheb)  is  ~10  times  faster  than  that  of  GTP,  whereas  it  is  3.4 
times  slower  with  RhoA.  On  the  other  hand,  the  mant  tag  inhib¬ 
its  TSC2GAP-catalyzed  GTP  hydrolysis  by  Rheb  but  promotes 
pl20  RasGAP-catalyzed  GTP  hydrolysis  by  H-Ras.  Guanine 
nucleotide  exchange  factor-catalyzed  nucleotide  exchange  for 
both  H-Ras  and  RhoA  was  inhibited  by  mant-substituted 
nucleotides,  and  the  degree  of  inhibition  depends  highly  on  the 
GTPase  and  whether  the  assay  measures  association  of 
mantGTP  with,  or  dissociation  of  mantGDP  from  the  GTPase. 
These  results  indicate  that  the  mant  moiety  has  significant  and 
unpredictable  effects  on  GTPase  reaction  kinetics  and  under¬ 
score  the  importance  of  validating  its  use  in  each  assay. 
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The  Ras  superfamily  of  small  GTPases  plays  vital  roles  in  the 
integrated  network  of  cellular  signaling.  They  are  “turned  on” 
by  binding  to  GTP  and  adopting  a  conformation  that  allows 
modulation  of  their  downstream  effectors.  The  proteins  are 
then  “turned  off’  by  hydrolysis  of  the  y-phosphate  of  GTP  and 
conversion  to  GDP  (see  Fig.  la).  The  relative  amounts  of  acti¬ 
vated  GTP-bound  and  inactive  GDP-bound  forms  of  GTPases 
are  tightly  regulated  by  GAPs,5  which  catalyze  nucleotide  hy¬ 
drolysis,  and  GEFs,  which  promote  nucleotide  exchange.  Muta¬ 
tion  or  unregulated  expression  of  the  small  GTPase  proteins  or 
their  respective  GAPs  and  GEFs  can  deregulate  the  GTPase 
cycle  and  lead  to  diseases  such  as  cancer,  neurodegeneration, 
and  mental  disabilities  (1). 

Although  several  methods  for  monitoring  GTP  hydrolysis 
and  nucleotide  exchange  of  small  GTPase  proteins  have  been 
developed  (1-4),  the  assay  most  widely  used  to  monitor  kinet¬ 
ics  employs  the  fluorescently  labeled  guanosine  nucleotide  ana¬ 
logs  mantGTP/mantGDP,  which  are  sensitive  to  the  hydropho¬ 
bic  environment  of  proteins  (see  Fig.  lb).  Because  of  high 
sensitivity  and  selectivity,  mantGTP  and  mantGDP  have  been 
widely  used  in  the  field  (5-7);  however,  the  use  of  these  nucle¬ 
otide  analogs  is  justified  only  if  they  report  reaction  kinetics  and 
thermodynamics  that  are  consistent  with  the  natural  ligands 
GTP  and  GDP.  Previously,  some  inconsistencies  between 
native  GTP  and  mantGTP  were  observed  in  nucleotide  hydro¬ 
lysis  assays  of  Ras  and  RhoA  with  their  cognate  GAPs  (8,  9). 
However,  these  fluorescent  probes  have  never  been  fully 
assessed  due  to  the  lack  of  appropriate  methodology. 

Recently  we  developed  an  NMR-based  real-time  assay  to 
monitor  the  rate  of  GTP  hydrolysis  of  Ras  homolog  enriched  in 
brain  (Rheb),  enabling  us  to  monitor  GTPase  reactions  using 
native  GTP  and  GDP  (supplemental  Fig.  S2 b)  (10).  We  have 
demonstrated  that  the  real-time  NMR  methodology  can  be 
successfully  used  to  assay  nucleotide  exchange  in  RhoA  (11). 
This  methodology  requires  no  chemical  modification  of  the 
protein  or  the  nucleotide,  which  can  perturb  the  native  struc¬ 
ture  of  the  protein  (supplemental  Fig.  SI),  and  has  the  ability  to 
sense  subtle  changes  in  the  rate  of  catalysis  in  real-time  fashion. 
In  this  study,  we  employed  the  NMR  methodology  to  examine 
how  the  fluorescent  adduct  on  mantGTP  and  mantGDP  affects 
the  kinetics  of  nucleotide  hydrolysis  and  exchange  of  three 
small  GTPases  (H-Ras,  Rheb,  and  RhoA)  alone  and  in  the  pres¬ 
ence  of  their  GAPs  or  GEFs. 

EXPERIMENTAL  PROCEDURES 

Protein  Preparation — Murine  Rheb  (residues  1-169),  human 
H-Ras  (residues  1-171),  and  murine  RhoA  (residues  1-181) 
were  prepared  as  described  in  the  supplemental  material 


5  The  abbreviations  used  are:  GAP,  GTPase-activating  protein;  GEF,  guanine 
nucleotide  exchange  factor;  mant,  2'(3')-0-(A/-methylanthraniloyl); 
mantGTP,  2'(3')-0-(A/-methylanthraniloyl)-GTP;  mantGDP,  2'(3')-0-(W- 
methylanthraniloyl)-GDP;  DH-PH,  Dbl  homology-pleckstrin  homology; 
GTP-yS,  guanosine  5'-3-0-(thio)triphosphate;  nH-’5N  HSQC,  heteronuclear 
single  quantum  coherence;  Rheb,  Ras  homolog  enriched  in  brain;  SOS,  Son 
of  Sevenless;  dGppNHp,  2'-deoxyguanosine-5'-(j3,y-imido)-triphosphate. 
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according  to  previous  protocols  (10, 12, 13).  Tuberous  sclerosis 
2  (TSC2)  GAP  domain  (residues  1525-1742:  hereafter  termed 
TSC2GAP)  and  the  DH-PH  fragment  of  PDZ-RhoGEF  (resi¬ 
dues  713-1081:  hereafter  termed  DH-PHprg)  were  prepared 
using  pGEX2T  and  pGEX4Tl  vectors,  respectively  (10,  13). 
Catalytic  domain  constructs  of  the  Son  of  Sevenless  (SOS, 
Cdc25  residues  566-1049:  hereafter  referred  to  as  Cdc25sos) 
and  the  GTPase-activating  domain  of  human  GTPase-activat- 
ing  protein  pl20GAP  (residues  715-1047:  hereafter  referred  to 
as  RasGAP)  were  prepared  as  His-tagged  proteins  from  the 
pET15b  vector.  All  proteins  were  cleaved  from  their  tags  via 
thrombin. 

NMR-based  GTPase,  GAP,  and  GEF  Assays — H-Ras  and 
Rheb  were  loaded  with  GTP  or  mantGTP  by  incubation  with  a 
10-fold  excess  of  nucleotide  in  the  presence  of  10  mM  EDTA. 
RhoA  was  loaded  with  GTP  or  mantGTP  in  the  presence  of  0.5 
m  urea  and  10  mM  EDTA.  A  heteronuclear  single  quantum 
coherence  (1H-1SN  HSQC)  spectrum  was  collected  to  confirm 
full  nucleotide  loading,  and  the  mixture  was  then  passed 
through  a  desalting  column  (PD  MidiTrap™  G-25  (GE  health¬ 
care))  equilibrated  with  NMR  buffer  to  produce  a  1:1  complex 
of  GTPase  and  the  nucleotide. 

All  NMR  experiments  were  run  on  a  Brulcer  AVANCE  II 
800-MHz  spectrometer  equipped  with  a  5-mm  TCI  CryoProbe. 
Sensitivity-enhanced  1H-1SN  HSQCs  with  two  scans  (5  min) 
were  run  in  succession  to  monitor  the  intrinsic  GTP  hydrolysis 
activity  of  GTPases  (0.1- 0.3  mM)  at  20  °C.  The  spectra  were 
processed  with  NMRPipe  (14),  and  the  peak  heights  were  ana¬ 
lyzed  with  Sparky  (15)  via  Gaussian  line  fitting.  Residues  from 
switches  I  and  II,  P-loop,  j33  and  j84,  and  the  a3  helix  that 
exhibit  distinct  well  resolved  peaks  in  each  nucleotide-bound 
state  were  used  as  reporters  of  the  reaction  rates  for  each  of  the 
three  GTPases,  as  described  previously  for  Rheb  (10). 

For  the  intrinsic  nucleotide  hydrolysis,  the  fraction  of 
GTPase  protein  in  the  GDP-bound  state  was  calculated  for  each 
reporter  residue  using  supplemental  Equation  1  for  Ras  and 
Rheb  relying  on  both  GDP  and  GTP  peaks.  In  the  case  of  RhoA, 
the  active  state  exhibited  broadened  and  split  peaks  that  com¬ 
plicate  peak  integration;  hence  we  monitored  (see  supplemen¬ 
tal  Equation  2)  the  appearance  of  GDP  peaks.  Data  fitting  was 
done  using  PRISM  (GraphPad  software). 

To  assay  GAP-mediated  nucleotide  hydrolysis,  RasGAP  or 
TSC2GAP  was  added  to  GTP-loaded  H-Ras  or  Rheb  at  a  GAP- 
to-GTPase  molar  ratio  of  1:2,500  or  1:2.2,  respectively.  The  hy¬ 
drolysis  rate  was  determined  by  fitting  the  data  to  supplemental 
Equation  1. 

For  GEF  assays,  DH-PHprg  or  Cdc25sos  was  added  at  a 
molar  ratio  of  1:30,000  GEF  to  RhoA  or  Ras  in  the  presence  of  a 
10-fold  molar  excess  of  GTP  or  mantGTP.  All  the  experiments 
were  performed  in  duplicate  with  0.1  mM  GTPase.  The 
observed  rates  of  nucleotide  exchange  assays  performed  with 
hydrolyzable  nucleotides  are  affected  by  intrinsic  hydrolysis. 
Thus,  the  observed  data  were  fitted  to  equations  that  consider 
both  exchange  and  hydrolysis  (see  supplemental  material, 
Equations  4  and  6)  to  extract  the  true  exchange  rate.  Using  this 
rate,  an  exponential  decay  curve  was  generated  to  approximate 
nucleotide  exchange  in  the  absence  of  hydrolysis. 


RESULTS 

The  Effect  of  mant  on  the  Intrinsic  Rate  of  Nucleotide 
Hydrolysis — mant-substituted  nucleotides  have  been  used 
extensively  to  investigate  many  aspects  of  G -protein  signaling, 
including  the  kinetics  and  mechanisms  of  RasGAP-mediated 
GTP  hydrolysis  (9, 16-18)  and  Cdc25sos-mediated  nucleotide 
exchange  (6,  7).  We  first  used  NMR  methodology  to  examine 
whether  the  addition  of  the  mant  moiety  alters  the  intrinsic 
hydrolysis  rate  of  the  GTPase  domain  of  H-Ras  (1-171) 
(Fig.  lc)  and  found  that  it  had  little  effect  (supplemental  Table 
SI),  consistent  with  previous  reports  (19). 

Next,  we  analyzed  GTP  hydrolysis  by  Rheb,  which  shares 
—33%  sequence  identity  with  H-Ras.  Surprisingly,  the  hydroly¬ 
sis  rate  of  mantGTP  by  Rheb  (3.2  X  10-3  min~ 1)  was  >10  times 
faster  than  that  of  native  GTP  when  both  reactions  were  mon¬ 
itored  by  NMR  (Fig.  lc).  The  rate  constant  obtained  with 
mantGTP  by  NMR  was  identical  to  the  value  obtained  using 
fluorescence  spectroscopy  (Fig.  lc  and  supplemental  Fig.  S2 a), 
demonstrating  that  the  results  are  independent  of  the  detection 
method.  Using  mantGTP  to  compare  the  activity  of  different 
GTPases,  the  intrinsic  GTPase  activity  of  Rheb  would  appear 
approximately  two  times  lower  than  that  of  H-Ras,  whereas  it  is 
actually  —32  times  lower  with  native  GTP,  demonstrating  that 
reliance  on  mantGTP  would  overlook  this  biologically  impor¬ 
tant  difference. 

As  a  third  case,  the  effect  of  the  mant  substitution  on  the 
GTPase  activity  of  RhoA,  which  shares  —31%  sequence  identity 
with  H-Ras  and  Rheb,  was  investigated  and  found  to  be  oppo¬ 
site  to  that  observed  with  Rheb  (Fig.  lc).  The  half-life  of  mant¬ 
GTP  bound  to  RhoA  was  — 155  min,  3.5-fold  longer  than  that  of 
native  GTP  (—45  min)  (supplemental  Table  SI).  Taken 
together,  the  results  show  that  mant-substituted  nucleotides 
can  substantially  alter  the  kinetics  of  nucleotide  hydrolysis  by 
small  GTPases  in  a  manner  that  could  not  have  been  predicted 
a  priori. 

The  Effect  of  mant  on  the  Rate  of  GAP-catalyzed  Nucleotide 
Hydrolysis — Having  established  that  mant  can  have  a  substan¬ 
tial  effect  on  intrinsic  GTPase  reaction  rates,  we  investigated 
the  effect  of  mantGTP  on  GAP-accelerated  GTPase  reac¬ 
tions.  First,  we  used  the  GAP  domain  of  the  human  pl20- 
RasGAP.  GTP  was  hydrolyzed  with  a  rate  of  2.6  X  10-2 
min-1  by  H-Ras  in  the  presence  of  a  1:2,500  molar  ratio  of 
RasGAP,  whereas  mantGTP  was  turned  over  approximately 
five  times  faster  (Fig.  2 a  and  supplemental  Table  SI).  Indeed, 
Moore  et  al.  (9)  previously  noted  that  in  the  presence  of 
RasGAP,  p2\N~Ras  hydrolyzes  mantGTP  more  rapidly  than 
native  GTP,  although  the  cleavage  of  the  two  nucleotides  was 
not  monitored  by  the  same  method. 

We  then  examined  how  mantGTP  might  affect  GAP-mediated 
GTP  hydrolysis  of  a  second,  unrelated  GAP  with  a  distinct  mech¬ 
anism  of  action  by  studying  Rheb  and  its  well  characterized  GAP, 
TSC2GAP  (10).  At  a  TSC2GAP-to-Rheb  ratio  of  1:2.2,  GTP  was 
hydrolyzed  at  a  rate  of  1.9  X  10  2  min  _1,  whereas  mantGTP  was 
hydrolyzed  —2.5-fold  more  slowly  (Fig.  2b  and  supplemental 
Table  SI).  Comparing  Rheb’s  intrinsic  rate  of  mantGTP  hydroly¬ 
sis  to  the  GAP-catalyzed  rate,  TSC2GAP  only  produced  a  2-fold 
enhancement  (supplemental  Table  SI).  This  contrasts  sharply 
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Time  (min)  Time  (min)  Time  (min) 


•  Ras-GTP  ->  Ras-GDP  •  Rheb-GTP  -»  Rheb-GDP 


•  RhoA-GTP  RhoA-GDP 


T  Ras-mantGTP  Ras-mantGDP  ▼  Rheb-mantGTP  Rheb-mantGDP  ▼  RhoA-mantGTP  RhoA-mantGDP 

FIGURE  1.  Effect  of  mant-substituted  GTP  on  the  intrinsic  nucleotide  hydrolysis  of  Ras,  Rheb,  and  RhoA.  a,  nucleotide-dependent  conformational 
changes  in  GTPases.  Nucleotide  hydrolysis  and  exchange  are  correlated  with  conformational  changes  that  are  readily  probed  in  two-dimensional 1 H-1 5N  FISQC 
spectra  (Protein  Data  Bank  (PDB):  1XTS  (29)  green;  1XTQ  (29)  cyan),  b,  the  chemical  structure  of  mantGTP  (ChemSketch  (30))  is  shown  with  the  mant  moiety  at 
the  3'  position  of  the  ribose  ring.  In  solution,  this  moiety  exhibits  slow  chemical  exchange  between  the  2'  and  3'  positions  of  the  ribose  ring,  producing  an 
equilibrium  ratio  of  4:6  (31).  c,  the  time  course  of  intrinsic  GTP  (black)  and  mantGTP  (green)  hydrolysis  by  Pl-Ras,  Rheb,  and  RhoA  probed  via  real-time  solution 
NMR  spectroscopy.  All  the  proteins  were  fully  loaded  with  GTP  or  mantGTP  before  the  start  of  the  assay,  as  assessed  by  1 H-1  SN  FISQC.  The  rates  are  displayed 
with  a  histogram  for  each  curve  in  inserted  panel  c.  See  supplemental  material  for  descriptions  of  the  equations. 


with  the  ~50-fold  stimulation  of  Rheb  GTPase  activity  by 
TSC2GAP  when  native  GTP  is  used  in  the  assay.  Hence,  exclu¬ 
sive  use  of  mantGTP  would  lead  to  a  gross  underestimation  of 
the  GAP  activity  of  TSC2  toward  Rheb,  underscoring  the  utility 
of  the  NMR-based  methodology. 

The  Effect  of  mant  on  the  GEF-mediated  Nucleotide  Exchange — 
We  examined  how  mant-substituted  nucleotides  affect  the 
DH-PHPRG-mediated  nucleotide  exchange  of  RhoA  (Fig.  3a) 
using  a  procedure  described  elsewhere  (11).  In  the  NMR  GEF 
assay  with  hydrolyzable  nucleotides,  the  readout  (i.e.  GDP-  and 
GTP-specific  protein  cross-peaks)  is  determined  by  both 
exchange  and  intrinsic  nucleotide  hydrolysis.  This  is  evident  in 
the  case  of  Ras  and  RhoA  (Fig.  3),  which  do  not  become  100% 
saturated  with  GTP  or  mantGTP.  Hence,  the  observed  data 
were  fit  to  an  equation  that  considers  exchange  and  hydrolysis 
(see  supplemental  material)  to  derive  the  true  exchange  rate. 
We  have  shown  that  this  derived  rate  agrees  well  with  the  rate 
determined  for  the  non-hydrolyzable  GTPyS  (11).  In  an  assay 
of  nucleotide  association  with  RhoA,  mantGTP  exhibits  a  30% 
lower  exchange  rate  (4.9  X  10-2  min-1)  when  compared  with 
native  GTP  (7.0  X  10-2  min-1)  (supplemental  Table  S2).  In  the 
literature,  both  the  incorporation  (13,  20,  21)  and  the  dissocia¬ 
tion  (22,  23)  of  the  mant-substituted  nucleotide  have  been 
employed  to  study  the  function  of  RhoA  and  its  interaction  with 
GEFs.  Hence,  we  also  performed  the  dissociation  assay,  initially 
loading  RhoA  with  GDP  or  mantGDP  and  monitoring 


exchange  to  GTP.  In  this  reaction,  the  rate  of  DH-PHPRG-me- 
diated  nucleotide  dissociation  was  approximately  six  times 
slower  for  mantGDP  than  for  GDP  (supplemental  Fig.  S3,  a 
and  c). 

Previous  studies  have  used  mantGDP  extensively  to  probe 
the  Son  of  Sevenless  (Cdc25sos)-catalyzed  nucleotide  exchange 
of  Ras  GTPase.  Generally,  Ras  is  preloaded  with  mantGDP,  and 
the  decay  in  fluorescent  intensity  is  monitored  as  this  fluores¬ 
cent  nucleotide  is  displaced  by  unlabeled  GTP  (6,  7,  24-27). 
Here,  using  an  NMR-based  protocol  similar  to  that  described 
for  RhoA,  we  show  (Fig.  3b  and  supplemental  Table  S2)  that  the 
rate  of  Cdc25sos-catalyzed  mantGDP  dissociation  (7.2  X  10-3 
min-1)  is  ~30%  slower  when  compared  with  that  of  native 
GDP.  GEF  assays  using  association  of  mant-tagged  nucleotide 
with  Ras  have  also  been  reported  (28);  thus,  we  used  NMR  to 
compare  the  Cdc25sos-catalyzed  association  of  mantGTP  and 
GTP.  We  found  that  the  rate  of  association  of  mantGTP  with 
H-Ras  is  ~3-fold  slower  than  that  of  GTP  (supplemental  Fig.  S3, 
b  and  d). 

DISCUSSION 

Fluorescently  labeled  guanosine  nucleotides  have  been  used 
extensively  to  study  nucleotide  hydrolysis  and  exchange  of 
GTPases.  However,  covalent  modification  of  the  nucleotide 
with  a  bulky  fluorophore  raises  concerns  about  how  this 
reporter  moiety  may  perturb  enzymatic  activity.  The  NMR 
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•  Ras-GTP 
▼  Ras-mantGTP  ^ 


.  Ras-mantGDP 


t  Rheb-mantGTPTSC2Gia|>  Rheb-mantGDP 


FIGURE  2.  Effects  of  mant-substituted  GTP  on  GAP-mediated  nucleotide 
hydrolysis  by  H-Ras  and  Rheb.  a,  time  course  of  RasGAP-mediated  nucleo¬ 
tide  hydrolysis  of  H-Ras  with  GTP  (black)  and  mantGTP  (green).  A  molar  ratio  of 
1 :2,500  RasGAP  to  Fl-Ras  was  used,  b,  time  course  of  TSC2GAP-mediated  hy¬ 
drolysis  of  GTP  (black)  and  mantGTP  (green)  bound  to  Rheb.  A  molar  ratio  of 
1:2.2  TSC2GAP  to  Rheb  was  used  for  both  assays.  Rates  extracted  from  each 
curve  are  displayed  with  an  inserted  histogram.  Each  experiment  was  per¬ 
formed  in  duplicate,  and  each  curve  represents  a  single  representative 
experiment. 

methodology  recently  developed  by  our  group  (10)  does  not 
require  any  chemical  modification  of  GTP  or  GDP  because  it 
makes  direct  observation  of  protein  resonances  that  depend  on 
nucleotide-induced  changes  in  the  chemical  environment  of 
protein  (supplemental  Fig.  S2 b).  In  this  study,  we  employed  this 
NMR  method  to  compare  native  versus  mant-labeled  nucleo¬ 
tides  in  the  kinetics  of  intrinsic  GTPase  reactions,  GAP-medi¬ 
ated  nucleotide  hydrolysis,  and  GEF-mediated  nucleotide 
exchange  reactions  of  three  small  GTPases,  H-Ras,  Rheb,  and 
RhoA.  Our  results  clearly  demonstrate  that  mant-labeled 
nucleotides  had  substantial  effects  on  the  kinetics  of  these  reac¬ 
tions  and  that  these  effects  were  remarkably  different  and 
unpredictable  with  each  GTPase,  GAP,  and  GEF. 

Intrinsic  Hydrolysis  of  GTP  and  mantGTP — H-Ras  exhibited 
a  small  decrease  in  the  intrinsic  hydrolysis  rate  of  mantGTP 
versus  native  GTP;  however,  Rheb  and  RhoA  were  affected 
more  drastically  by  this  fluorescent  tag.  Remarkably,  mant  had 
opposite  effects  on  Rheb  and  RhoA;  Rheb  hydrolyzed  mantGTP 
~  10-fold  faster  than  native  GTP,  whereas  RhoA  hydrolyzed 
this  analog  3-fold  more  slowly  than  GTP.  Thus,  the  effects  of 
mant  are  specific  to  the  structure  and  catalytic  mechanism  of 
each  GTPase  rather  than  the  inherent  lability  of  the  nucleotide. 
With  all  three  GTPases,  the  mant  adduct  perturbed  proximal 
residues  in  the  P-loop,  switch  I,  and  G-5  box  but  also  induced 
long  range  perturbations  in  several  regions  including  switch  II 
(supplemental  Fig.  S4).  The  catalytic  Gin  of  RhoA  is  found  in 
switch  II;  thus,  distortion  of  the  structure  of  this  loop  could 
inhibit  the  hydrolysis  of  mantGTP.  Interestingly,  the  analogous 
Gin  in  Rheb  is  in  an  orientation  that  does  not  contribute  to 
catalysis  (10,  29).  To  understand  the  rapid  hydrolysis  of 
mantGTP  by  Rheb,  we  asked  whether  the  mant-induced  per- 


t  RhoA-GDP  DH,:P.H.PR?»  RhoA-mantGTP 


v  Ras-mantGDP  P--f-2-5— >  Ras-GTP 

FIGURE  3.  Effects  of  mant-substituted  nucleotides  on  GEF-mediated 
nucleotide  exchange  for  H-Ras  and  RhoA.  a,  time  course  of  DH-PHPRG-me- 
diated  nucleotide  exchange  of  RhoA-GDP  to  GTP  (black)  and  mantGTP 
(green).  A  molar  ratio  of  1  -30,000  RhoA  to  DH-PHprg  was  used  for  both  assays. 
b,  time  course  of  CDC25sos-mediated  nucleotide  exchange  of  H-Ras-GDP 
(black)  and  H-Ras-mantGDP  (green)  to  GTP  with  1 :30,000  Fl-Ras  to  CDC25sos 
molar  ratio.  Observed  data  (continuous  lines)  were  fitted  to  an  equation  that 
considers  both  exchange  and  hydrolysis  to  extract  the  true  exchange  rate  kex 
in  each  experiment  supplemental  material).  Using  this  rate,  exponential 
decay  curves  (dashed  lines )  were  generated  to  approximate  nucleotide 
exchange  in  the  absence  of  hydrolysis.  The  corrected  rates  are  displayed  with 
an  inserted  histogram  for  each  curve.  Each  experiment  was  performed  in 
duplicate,  and  each  curve  represents  a  single  representative  experiment. 

turbation  of  switch  II  might  favor  a  catalytically  competent  con¬ 
formation  of  Gln-64.  However  the  Q64L  mutation  had  no  effect 
on  hydrolysis  of  mantGTP,  indicating  that  this  reaction  occurs 
through  a  more  complex  mechanism  (supplemental  Fig.  S5). 

GAP-catalyzed  GTP  Hydrolysis  by  H-Ras  and  Rheb — pl20- 
RasGAP-catalyzed  hydrolysis  of  mantGTP  by  H-Ras  was 
~5-fold  faster  than  that  of  native  GTP,  whereas  TSC2GAP- 
mediated  hydrolysis  of  mantGTP  by  Rheb  was  slower  by  a  fac¬ 
tor  of  ~2.5  relative  to  unmodified  GTP.  Considering  the  rapid 
intrinsic  GTPase  activity  of  Rheb  toward  mantGTP,  it  is  appar¬ 
ent  that  TSC2GAP  activity  is  severely  inhibited  by  mant.  These 
results  demonstrate  the  unpredictable  effects  of  mant-tagged 
nucleotides  on  intrinsic  and  GAP-mediated  GTPase  activities 
and  highlight  the  utility  of  the  NMR  approach. 

Previous  studies  using  a  phosphate  release  assay  showed  that 
the  Km  of  pl20  RasGAP-mediated  hydrolysis  of  p21  N-Ras- 
mantGTP  is  lower  than  that  of  the  p21  N-Ras-GTP  complex 
(9).  This  result  suggests  that  mant  may  increase  the  affinity  of 
the  H-Ras-nucleotide  complex  for  RasGAP,  thus  increasing  the 
rate  of  nucleotide  hydrolysis.  Conversely,  we  propose  that  for 
Rheb,  the  mant  moiety  probably  hinders  docking  of  the 
TSC2G  AP  domain  to  Rheb.  Note  that  TSC2  and  pl20  RasGAP  are 
not  homologous,  have  different  folds,  and  function  through  dis¬ 
tinct  catalytic  mechanisms.  Further  structural  insights  are 
required  to  address  the  mechanistic  basis  for  the  “mant  effect”  on 
GAP-mediated  nucleotide  hydrolysis  for  both  H-Ras  and  Rheb. 
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GEF-accelerated  Nucleotide  Exchange  of  H-Ras  and  RhoA — 
Using  the  aforementioned  NMR-based  approach  (11),  we 
performed  GEF  assays  to  measure  both  association  and  disso¬ 
ciation  of  mant-tagged  nucleotides  as  fluorescence-based 
experiments  have  been  reported  both  ways  in  the  literature  (6, 
7,  13,  20-23,  24-28).  Comparing  dissociation,  Cdc25sos-me- 
diated  nucleotide  exchange  was  30%  slower  when  starting  with 
mantGDP-bound  H-Ras  (mantGDP-to-GTP)  than  with  GDP- 
bound  H-Ras  (GDP-to-GTP).  Measuring  association  under  the 
same  conditions,  the  GDP-to-mantGTP  exchange  was  approx¬ 
imately  three  times  slower  than  the  GDP-to-GTP  exchange. 
Similarly,  DH-PHPRG-mediated  nucleotide  exchange  was  30% 
slower  for  the  GDP-to-mantGTP  than  the  GDP-to-GTP 
exchange  in  the  association  assay  and  ~  6-fold  slower  for  the 
mantGDP-to-GTP  than  the  GDP-to-GTP  exchange  in  the  dis¬ 
sociation  assay.  In  the  crystal  structure  of  H-Ras-mant 
dGppNHp  (12),  mant  is  near  residue  Tyr-31  in  switch  I,  which 
would  introduce  steric  clashes  at  the  primary  contact  point 
between  the  GTPase  and  Cdc25sos  and  could  interfere  with 
nucleotide  exchange.  Assuming  that  the  mant  moiety  of  the 
nucleotide  is  similarly  positioned  on  the  switch  I  region  of 
RhoA,  it  would  also  hinder  DH-PHprg  binding  to  RhoA  (13). 
Furthermore,  mant-induced  structural  perturbations  of  the 
GEF  binding  sites  in  the  GTPase  switch  regions  may  inhibit 
interactions  with  GEFs.  The  exchange  kinetics  reported  by 
mant  are  more  reliable  when  the  dissociation  assay  is  used  for 
the  Ras-CDC25sos  system  and  when  the  association  assay  is 
used  for  the  RhoA-DH-PHPRG  system.  Note  that  these  are  the 
conventional  fluorescence  methods  for  each  protein;  neverthe¬ 
less,  the  less  accurate  alternative  approaches  are  still  in  use. 
Finally,  the  reduced  sensitivity  of  mantGDP-bound  GTPases  to 
the  action  of  GEFs  suggests  an  avenue  for  design  of  GTPase 
inhibitors. 

In  conclusion,  we  have  demonstrated  that  mant-labeled 
nucleotides  can  alter  the  intrinsic  GTPase  activity  of  Rheb  and 
RhoA,  the  GAP-catalyzed  GTP  hydrolysis  of  H-Ras-RasGAP 
and  Rheb-TSC2GAP,  as  well  as  the  DH-PHprg-  and 
CDC25sos-mediated  nucleotide  exchange  of  RhoA  and  H-Ras, 
respectively.  These  results  reveal  that  the  fluorescent  probes 
could  yield  biochemically  inaccurate  data  and  potentially  lead 
to  misleading  conclusions.  The  significant  and  unpredictable 
effects  of  the  mant  tag  clearly  indicate  that  mant-tagged  nucle¬ 
otides  should  be  used  with  caution  and  should  be  validated  for 
each  GTPase  system  studied.  At  the  same  time,  these  findings 
provide  clues  as  to  how  one  could  inhibit  or  activate  specific 
signaling  pathways  using  small  organic  molecules,  which  may 
mimic  the  effects  of  the  mant  tag  on  small  GTPases.  This  study 
also  extends  the  utility  and  value  of  the  NMR-based  assays  for 
both  GTPase  and  GEF  reactions  for  three  small  GTPases,  sug¬ 
gesting  that  it  will  be  broadly  applicable  to  the  GTPase 
superfamily. 
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Small  guanosine  triphosphatases  (GTPases)  become  activated 
when  GDP  is  replaced  by  GTP  at  the  highly  conserved  nucleo¬ 
tide  binding  site.  This  process  is  intrinsically  very  slow  in  most 
GTPases  but  is  significantly  accelerated  by  guanine  nucleotide 
exchange  factors  (GEFs).  Nucleotide  exchange  in  small  GTPases 
has  been  widely  studied  using  spectroscopy  with  fluorescently 
tagged  nucleotides.  However,  this  method  suffers  from  effects  of 
the  bulky  fluorescent  moiety  covalently  attached  to  the  nucleo¬ 
tide.  Here,  we  have  used  a  newly  developed  real-time  NMR- 
based  assay  to  monitor  small  GTPase  RhoA  nucleotide 
exchange  by  probing  the  RhoA  conformation.  We  compared 
RhoA  nucleotide  exchange  from  GDP  to  GTP  and  GTP  ana¬ 
logues  in  the  absence  and  presence  of  the  catalytic  DH-PH 
domain  of  PDZ-RhoGEF  (DH-PHprg).  Using  the  non-hydrolyz- 
able  analogue  guanosine-5'-0-(3-thiotriphosphate),  which  we 
found  to  be  a  reliable  mimic  of  GTP,  we  obtained  an  intrinsic 
nucleotide  exchange  rate  of  5.5  X  10 -4  min-1.  This  reaction  is 
markedly  accelerated  to  1179  x  10-4  min-1  in  the  presence  of 
DH-PHprg  at  a  ratio  of  1:8,000  relative  to  RhoA.  Mutagenesis 
studies  confirmed  the  importance  of  Arg-868  near  a  con¬ 
served  region  (CR3)  of  the  Dbl  homology  (DH)  domain  and 
revealed  that  Glu-741  in  CR1  is  critical  for  full  activity  of 
DH-PHprg,  together  suggesting  that  the  catalytic  mechanism 
of  PDZ-RhoGEF  is  similar  to  Tiaml.  Mutation  of  the  single 
RhoA  (E97A)  residue  that  contacts  the  pleckstrin  homology 
(PH)  domain  rendered  the  mutant  10-fold  less  sensitive  to  the 
activity  of  DH-PHprg.  Interestingly,  this  mutation  does  not 
affect  RhoA  activation  by  leukemia-associated  RhoGEF 
(LARG),  indicating  that  the  PH  domains  of  these  two  homol¬ 
ogous  GEFs  may  play  different  roles. 


The  small  GTPase* 1 2 3  RhoA,  a  member  of  the  Ras  superfamily, 
plays  a  crucial  role  in  cellular  processes  including  proliferation, 
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movement,  cell  shape,  as  well  as  cell-cell  and  cell-matrix  inter¬ 
actions  (1).  RhoA  acts  as  a  molecular  switch,  cycling  between 
the  inactive  GDP-  and  activated  GTP-bound  states  (Fig.  L4). 
Akin  to  other  small  GTPases,  RhoA  contains  a  phosphate  bind¬ 
ing  loop  (P-loop)  and  two  switch  regions  that  undergo  confor¬ 
mational  changes  upon  nucleotide  cycling  and  mediate  inter¬ 
actions  with  effector  proteins.  Together  these  three  regions 
interact  with  the  nucleotide  phosphate  groups  and  a  magne¬ 
sium  ion  that  is  required  for  high  affinity  nucleotide  binding 
(low  nM  to  sub  nM  I<d).  GTPase-activating  proteins  catalyze 
nucleotide  hydrolysis,  thus  inactivating  GTPases,  whereas 
guanine  nucleotide  exchange  factors  (GEFs)  activate  GTPases 
by  stimulating  nucleotide  exchange  (2).  PDZ-RhoGEF,  like 
its  homologues  LARG  and  pll5-RhoGEF,  is  specific  to  RhoA 
and  is  activated  by  the  Ga12/13  subunit  of  G-protein  coupled 
receptors  via  its  regulator  of  G-protein  signaling  domain. 
Interestingly,  PDZ-RhoGEF  single  nucleotide  polymor¬ 
phisms  have  been  associated  with  type  II  diabetes  (3)  and 
lung  cancer  (4). 

RhoGEFs  are  multidomain  proteins  (5),  most  of  which  con¬ 
tain  a  conserved  catalytic  Dbl  homology  (DH)  domain  with  an 
associated  pleckstrin  homology  (PH)  domain  (6,  7).  Interac¬ 
tions  between  the  DH  domains  and  Rho  GTPases  induce  struc¬ 
tural  changes  of  the  nucleotide  binding  pocket  and  stabilize  the 
nucleotide-free  form  of  Rho  (6).  Although  the  DH  domain  is 
required  for  GEF  activity,  the  PH  domain  plays  multiple  roles 
including  stabilizing  the  DH  domain,  directing  its  subcellular 
localization,  and  regulating  GEF  activity  (6,  7).  DH  domains  are 
comprised  of  a  helix  bundle  in  which  three  highly  conserved 
regions  (CR1,  CR2,  and  CR3)  constitute  the  core  domain.  The 
DH  domain  interacts  extensively,  through  CR1  and  CR3,  with 
the  switch  regions  of  the  cognate  GTPase  as  illustrated  in  the 
crystal  structure  of  PDZ-RhoGEF  (DH-PHprg)  in  complex 
with  RhoA  (1XCG)  (7).  A  highly  conserved  glutamate  in  CR1 
and  a  conserved  basic  residue  near  CR3  (Fig.  2)  have  been 
implicated  in  the  formation  of  the  GEF-GTPase  complex  and 
in  the  nucleotide  exchange  catalysis  in  many  RhoGEFs 
(6-8).  Although  mutations  of  the  CR1  and  CR3  region  were 
found  to  affect  the  GEF  activity  of  Tiaml  and  Trio  (6,  8,  9), 
the  importance  of  the  CR1  for  PDZ-RhoGEF  activity  has  not 
been  investigated. 


phate;  mant-GTP,  W-methylanthraniloyl  guanosine  triphosphate;  GEF, 
guanine  nucleotide  exchange  factor;  DH,  Dbl  homology;  PH,  pleckstrin 
homology;  DH-PHprg,  catalytic  DH-PH  domain  of  PDZ-RhoGEF;  LARG, 
leukemia-associated  RhoGEF;  'H-15N  HSQC,  'H-15N  heteronuclear  single 
quantum  coherence;  TCEP,  tris(2-carboxyethyl)phosphine. 
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FIGURE  1.  RhoA  nucleotide  exchange  in  the  presence  of  DH-PHprg  monitored  by  NMR.  A,  schematic  of  RhoA  nucleotide  exchange  mediated  by  DH-PFiPRG. 
15N-labeled  RhoA  (blue,  20.4  kDa)  with  GDP  and  Mg2+  ( purple )  bound  is  in  an  inactive  state.  DH-PFiPRG  (green,  43  kDa)  interacts  with  residues  in  the  RhoA  switch 
regions,  promoting  the  release  of  GDP.  Subsequently,  GTP  binds  RhoA,  and  theGEF  is  released  to  produce  the  activated  form  of  RhoA.  8,  kinetics  of  RhoA-GDP 
nucleotide  exchange  to  GTP  ( green  dashed  line )  and  GTPyS  (blue)  measured  by  the  real-time  NMR  assay.  A  theoretical  GTP  exchange  curve  corrected  for 
hydrolysis  (see  supplemental  material)  is  also  presented  (green  solid  line)  Error  bars  indicate  S.D.  for  values  reported  by  multiple  peaks.  C,  snapshots  of 1 FH-1  SN 
FISQC  spectra  during  the  75-min  time  course  of  RhoA-GDP  to  GTP-yS  nucleotide  exchange,  in  the  presence  of  DFH-PHprg  (6  nM).  Black  and  blue  boxes  indicate  the 
positions  of  the  RhoA-GDP  and  RhoA-GTPyS  cross  peaks,  respectively,  for  Gly-14  and  Ser-73.  D,  RhoA-GDP  to  GTPyS  nucleotide  exchange,  with  increasing 
concentration  of  DFH-PHPRG.  The  intrinsic  nucleotide  exchange  rate  is  shown  in  black.  Nucleotide  exchange  rates  fc  (1 0  4  min  -1)  are  5.5, 19, 24,39, 130,267,371, 
and  1,1 79  for  GEF  concentrations  of  0,0.36, 0.51, 0.9, 1.8,4, 6, 25  nM,  respectively.  Lower  panel,  the  hyperbolic  (green  curve)  dependence,  on  GEF  concentration, 
of  the  nucleotide  exchange  rate  is  indicative  of  a  two-step  binding  model. 


The  PH  domain  is  comprised  of  seven  antiparallel  /3-strands 
topped  by  a  helix  containing  a  partially  conserved  residue  (Ser- 
1065  in  PDZ-RhoGEF)  that  interacts  with  Glu-97  of  RhoA  (7).  The 


DH  domain  alone  is  ~41-fold  less  active  than  the  DH-PH  domain 
of  PDZ-RhoGEF  (7),  but  it  is  also  less  stable;  thus  the  importance 
of  the  RhoA  PH  domain  interaction  for  GEF  activity  is  not  clear. 
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FIGURE  2.  Sequence  alignment  of  DH-PH  domains  of  human  RhoGEFs.  PDZ-RhoGEF  (015085,  residues  734-923),  LARG  (Q9NZN5,  residues  787-977), 
pi  15-RhoGEF  (Q92888,  residues  416-605),  Dbl-GEF  (Q92974,,  residues  235-432),  p63-RhoGEF  (Q86VW2,  residues  160-336),  Dbs-GEF  (015068,  residues 
631-811),  and  Tiaml  (Q13009,  residues  1,040-1,234)  were  aligned  using  Clustal_W2.  Flydrophobic,  acidic,  basic,  and  polar  residues  are  indicated  in  red,  blue, 
magenta,  and  green,  respectively.  The  stars  mark  residues  conserved  throughout  Rho  guanine  nucleotide  exchange  factors.  Colons  correspond  to  conserved 
substitutions  and,  periods  correspond  to  semiconserved  substitutions.  Conserved  residues  examined  in  this  study  (Glu-741,  Arg-868,  and  Ser-1065)  are  boxed. 
CR1,  CR2,  and  CR3  are  three  highly  conserved  regions  of  the  DFH  domain. 
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RhoA  Nucleotide  Exchange  Mediated  by  PDZ-RhoGEF 


We  recently  developed  an  NMR-based,  real-time  assay  to 
measure  the  kinetics  of  GTP  hydrolysis  by  the  small  GTPase 
Rheb  by  monitoring  nucleotide-dependent  changes  in  the 
NMR  spectra  of  the  GTPase  protein  (10).  In  this  report,  the 
NMR  GTPase  assay  was  extended  to  monitor  intrinsic  and 
PDZ-RhoGEF-mediated  RhoA  nucleotide  exchange  using 
native  GDP  and  GTP  as  substrates.  Our  data  show  that  PDZ- 
RhoGEF  favors  RhoA  activation  by  catalyzing  the  exchange 
from  GDP  to  GTP,  severalfold  more  efficiently  than  the  reverse 
reaction.  Our  mutagenesis  studies  demonstrate  that  Arg-868 
near  the  CR3  and  Glu-741  in  the  CR1  are  critical  for  the  full 
activity  of  PDZ-RhoGEF.  We  also  found  that  RhoA  Glu-97  is 
required  for  full  activation  by  DH-PFIprg,  suggesting  that  the 
PH  domain  plays  an  important  role  in  catalysis.  While  investi¬ 
gating  PDZ-RhoGEF-mediated  RhoA  nucleotide  exchange 
reactions  using  different  nucleotides,  we  discovered  that 
GTPyS  better  mimics  GTP  than  the  analogues  mant-GTP  or 
GMPPNP. 

EXPERIMENTAL  PROCEDURES 

Protein  Expression  and  Purification  of  RhoA  and  DH- 
PHprg — A  construct  encoding  human  RhoA  residues  1-181 
was  cloned  into  pET28A  using  Ndel  and  EcoRI  restriction 
endonucleases  and  expressed  in  Escherichia  coli  BL21(DE3) 
cells  as  a  His6-tagged  protein  The  cells  were  grown  in  isotope- 
supplemented  M9  media  with  100  /xg/ml  kanamycin  and 
induced  at  A600  =  0.8  with  0.25  mM  isopropyl  |3-D-l-thiogalac- 
topyranoside  overnight  at  15  °C.  To  prepare  samples  for  reso¬ 
nance  assignment,  2  g/liter  [13C]glucose  and  1  g/liter  [15N]am- 
monium  chloride  were  added  to  the  media,  whereas  unlabeled 
glucose  and  [15N]  ammonium  chloride  were  used  to  prepare 
samples  for  the  nucleotide  exchange  assays.  The  cells  were  har¬ 
vested  by  centrifugation,  resuspended  with  lysis  buffer  (50  mM 
Tris,  pH  8,  150  mM  NaCl,  5  mM  MgCl2,  10%  glycerol,  10  mM 
imidazole,  10  mM  j3-mercaptoethanol,  0.1%  Nonidet  P-40,  0.1 
mM  GDP,  1  mM  phenylmethylsulfonyl  fluoride),  and  sonicated, 
and  the  supernatant  was  stirred  with  nickel-nitrilotriacetic  acid 
agarose  (Qiagen)  for  1  h  at  4  °C.  The  resin  was  washed,  and  the 
protein  was  eluted  with  50  mM  Tris  (pH  =  8),  150  mM  NaCl, 
10%  glycerol,  250  mM  imidazole,  10  mM  /3-mercapto-ethanol,  5 
mM  MgCl2.  Thrombin  was  used  to  cleave  the  His  tag  during 
dialysis  against  50  mM  Tris  (pH  8),  150  mM  NaCl,  2%  glycerol,  5 
mM  MgCl2,  2  mM  dithiothreitol,  and  2  mM  TCEP.  Final  purifi¬ 
cation  of  RhoA  was  achieved  by  gel  filtration  chromatography 
(Superdex  S75  20/60,  GE  Healthcare)  with  20  mM  HEPES  (pH 
7.0),  100  mM  NaCl,  5  mM  MgCl2,  and  2  mM  TCEP.  A  construct 
encoding  the  DH  and  PH  domains  of  human  PDZ-RhoGEF 
(DH-PHprg,  residues  713-1,081)  was  subcloned  into  the  vector 
PGEX  4T  between  the  BamHI  and  EcoRI  restriction  endonu¬ 
clease  sites.  DH-PHprg  was  expressed  as  a  glutathione  S'-trans- 
ferase  fusion  protein  in  E.  coli  BL21(DE3)  Codon+  cells  in 
Luria-Bertani  broth  supplemented  with  ampicillin  and  chlor¬ 
amphenicol  (100  and  50  pg/ ml,  respectively)  by  induction  with 
0.25  mM  isopropyl  /3-D-l-thiogalactopyranoside  at  15  °C  over¬ 
night.  Following  cell  lysis  by  sonication,  the  fusion  protein 
was  enriched  by  binding  to  glutathione-Sepharose  resin  (GE 
Healthcare),  eluted  with  20  mM  reduced  glutathione,  cleaved 
with  thrombin  overnight,  and  dialyzed  against  10  mM  Tris, 


pH  7.5,  150  mM  NaCl,  2%  glycerol,  2  mM  dithiothreitol.  Glu¬ 
tathione  S-transferase  was  removed  by  an  ion  exchange 
HiTrap  SP  column  using  20  mM  Tris,  pH  7.5,  1  mM  dithio¬ 
threitol,  and  a  50-500  mM  NaCl  gradient.  PDZ-RhoGEF 
DH-PH  (713-1,081)  domain  was  purified  to  homogeneity  by 
gel  filtration  chromatography  (Superdex  75  20/60)  and  con¬ 
centrated  in  an  Amicon  30,000  nominal  molecular  weight 
limit  centrifugal  concentrator.  The  mutants  RhoA-E97A, 
DH-PHprg-E741A,  DH-PHprg-E741D,  and  DH-PHprg- 
R868G  were  generated  using  QuikChange  mutagenesis 
(Stratagene)  according  to  the  manufacturer’s  instructions. 

Circular  Dichroism — CD  spectra  were  recorded  for  the  wild- 
type  and  mutant  forms  of  DH-PHprg  in  20  mM  HEPES  buffer, 
pH  7, 100  mM  NaCl,  5  mM  MgCl2,  2  mM  TCEP  using  a  cell  with 
a  1-mm  path  length,  at  room  temperature,  on  a  Jasco  J-815  CD 
spectrometer. 

NMR  Resonance  Assignments — NMR  experiments  were  per¬ 
formed  at  20  °C  on  a  800-MHz  Bruker  AVANCE  II  spectrom¬ 
eter,  equipped  with  a  5-mm  TCI  CryoProbe,  and  on  a  four- 
channel  Varian  Inova  600-MHz  spectrometer  equipped  with  z 
axis  pulsed  field  gradient  units  and  room  temperature  shielded 
triple  resonance  probes.  NMR  data  were  processed  and  ana¬ 
lyzed  using  the  NMRPipe  (11)  and  NMRView  programs  (12). 
Chemical  shift  assignments  were  obtained  using  a  1SN,  13C 
double-labeled  sample  of  0.3  mM  RhoA-GDP  or  RhoA-GTPyS 
in  20  mM  HEPES  buffer,  100  mM  NaCl,  5  mM  MgCl2,  2  mM 
TCEP,  10%  D20,  pH  7.  Amide  backbones  XH,  15N,  CO,  H„,  C„, 
and  Cp  were  assigned  using  two-dimensional  3H-15N  hetero- 
nuclear  single  quantum  coherence  (HSQC)  and  the  conven¬ 
tional  three-dimensional  triple-resonance  experiments  (13, 
14),  HNCACB,  CBCA(CO)NH,  HN(CA)CO,  HNCO,  HNHA, 
and  three-dimensional  15N-edited-nuclear  Overhauser  effect 
spectroscopy  HSQC  with  a  mixing  time  of  100  ms. 

Nucleotide  Exchange  Assays — RhoA  nucleotide  exchange 
was  monitored  using  NMR  spectroscopy  by  acquiring  succes¬ 
sive  1 H-1SN  HSQC  spectra  (two  scans,  5-min  acquisition  time) 
at  20  °C  over  a  period  of  time.  DH-PHprg  was  added  to  1SN- 
labeled  GDP-bound  RhoA  (or  lsN-labeled  GTPyS-bound 
RhoA)  along  with  a  5-fold  molar  excess  of  nucleotide  (GTP  or 
analogue)  at  time  0.  Nine  assigned  RhoA  amides,  with  distinct 
chemical  shifts  in  the  GDP-  and  GTPyS-bound  form,  were  used 
to  evaluate  the  fraction  of  GDP-bound  RhoA  remaining  in  each 
spectrum.  The  data  were  fitted  to  a  single  phase  exponential 
decay  function  to  obtain  the  exchange  rate  kax  for  non-hydro- 
lyzable  analogues.  For  hydrolyzable  nucleotides,  /cex  was  deter¬ 
mined  by  fitting  the  data  to  an  equation  that  considers  both  the 
nucleotide  exchange  and  hydrolysis  (see  supplemental  material 
for  a  more  detailed  methodology). 

Concentration  dependence  of  the  GEF  activity  of  DH-PHprg 
was  assessed  using  0.2  mM  15N-labeled  RhoA  GDP-bound,  1 
mM  GTPyS,  and  unlabeled  DH-PHprg  at  concentrations  from 
0.36  to  25  nM.  DH-PHprg  mutation  studies  were  performed 
with  0.2  mM  [1SN]  -RhoA-GDP  and  1.8  nM  DH-PHprg  (wild- 
type  or  mutants  E741A,  E741D,  or  R868G)  and  1  mM  GTPyS. 
Each  of  these  mutants  was  determined  to  be  well  folded  on  the 
basis  of  circular  dichroism  spectra  (supplemental  Fig.  SI).  The 
nucleotide  exchange  assays  of  wild-type  RhoA  (0.2  mM)  and 
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the  E97A  mutant  (0.2  him)  were  compared  using  4  nM  DH- 
PHprg  and  a  5-fold  molar  excess  of  GTPyS. 

A  competition  assay  was  carried  out  to  assess  the  relative 
affinities  of  RhoA  for  different  nucleotides.  A  series  of  1H-1SN 
HSQC  spectra  were  recorded  over  24  h  following  the  addition 
of  DH-PHprg  (4  nM)  and  a  mixture  of  GTP,  GTPyS,  GMPPNP, 
and  mant-GTP  (each  1  ulm)  to  15N-labeled  RhoA-GDP  (0.2 
mM).  Binding  of  these  nucleotides  was  assessed  using  the  cross¬ 
peak  of  Gln-29,  which  exhibits  distinct  chemical  shifts  with 
each  nucleotide. 

RESULTS  AND  DISCUSSION 

RhoA  Nucleotide  Exchange  Stimulated  with  DH-PHprg — To 
explore  the  possibility  of  using  the  NMR  assay  for  RhoA  nucle¬ 
otide  exchange,  we  first  sought  to  assign  backbone  resonances 
of  RhoA.  Using  the  standard  triple-resonance  approach,  we 
were  able  to  assign  nearly  90%  of  the  RhoA-GDP  backbone 
amide  1H  and  15N  resonances  (supplemental  Fig.  S2a),  as  well 
as  the  Ca,  Cfi,  and  CO  resonances.  A  few  residues  in  switch  I, 
switch  II,  and  the  P-loop  could  not  be  assigned  due  to  severe 
peak  broadening.  The  secondary  structure  of  RhoA-GDP  pre¬ 
dicted  by  the  chemical  shift  index  approach  (15)  is  consistent 
with  the  crystal  structure  (16)  (supplemental  Fig.  S3«).  We  also 
assigned  111  out  of  132  amide  resonances  present  in  the  1H-1SN 
HSQC  of  RhoA  in  the  GTPyS -bound  state  (supplemental  Fig. 
S2 b).  A  significant  number  of  amide  cross  peaks,  particularly 
those  in  the  P-loop  and  switch  regions,  were  missing  in  the 
spectrum.  Peak  intensities  for  some  of  the  broadened  amides 
increased  when  the  temperature  was  elevated  from  20  to  40  °C 
(supplemental  Fig.  S4,  dash  boxed  insets),  indicative  of  interme¬ 
diate  chemical  exchange  on  the  NMR  time  scale.  Similar  phe¬ 
nomena  were  previously  reported  for  Rheb-GMPPNP  (10)  and 
c-Ha-Ras  (17).  These  results  suggest  that  the  nucleotide  bind¬ 
ing  site  of  RhoA  is  in  equilibrium  between  two  or  more  confor¬ 
mational  states  when  bound  to  GTPyS.  Comparison  of  the 
1H-1SN  HSQC  spectra  of  RhoA-GDP  and  RhoA-GTPyS  shows 
that  amides  located  in  the  P-loop,  the  switch  regions,  and 
amides  near  the  binding  site  display  the  largest  chemical  shift 
changes  (supplemental  Fig.  S3 b).  Although  rapid  hydrolysis 
precluded  independent  assignment  of  the  GTP-bound  form, 
assignments  for  most  peaks  in  the  HSQC  spectrum  of  RhoA- 
GTP  could  be  transferred  from  that  of  RhoA-GTPyS,  which  is 
markedly  similar  (supplemental  Fig.  S5). 

We  used  PH-15N  HSQC  spectra  to  monitor  RhoA  intrinsic 
nucleotide  exchange  from  GDP  to  GTP.  When  a  10-fold  excess 
of  GTP  was  added  to  15N-labeled  GDP-loaded  RhoA,  the 
1H-1SN  HSQC  spectrum  remained  nearly  identical  to  the  spec¬ 
trum  of  the  GDP-loaded  form  for  several  days,  indicating  that 
intrinsic  exchange  is  slow  relative  to  intrinsic  hydrolysis.  With 
the  addition  of  DH-PHprg,  RhoA-GTP  peaks  appeared  and 
RhoA-GDP  peak  intensities  decreased,  indicative  of  nucleotide 
exchange.  With  a  GEF:RhoA  ratio  of  1:50,000  the  observed 
nucleotide  exchange  reaction  plateaus  at  IGDP/I0GDP  ~0.4  after 
1  h  (Fig.  IB,  dotted  line )  due  to  GTP  hydrolysis.  A  true  /cex  rate  of 
286  X  10-4  min'1  was  obtained  by  fitting  the  observed  data  to 
an  equation  (see  supplemental  Equation  2)  that  considers  both 
exchange  and  hydrolysis.  This  true  GTP  kcx  value  was  used  to 
plot  an  exponential  decay  curve  representing  the  exchange 
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component  (Fig.  IB,  green  curve )  and  was  compared  with  the 
exchange  rate  constants  obtained  with  three  analogues, 
GTPyS,  GMPPNP,  and  mant-GTP.  The  results  revealed  that 
GTPyS  exchanges  with  kinetics  similar  to  GTP  (kcx  =  265.5  X 
10-4  min-1,  Fig.  IB,  blue  line),  whereas  GMPPNP  and  mant- 
GTP  produced  significantly  slower  rate  constants  (see  “Effects 
of  GTP  Analogues  on  the  Structure  and  Exchange  Kinetics  of 
RhoA”).  Therefore  GTPyS  was  substituted  for  GTP  in  the  fol¬ 
lowing  nucleotide  exchange  assays,  eliminating  the  GTP  hydro¬ 
lysis  component. 

To  determine  a  GEF  concentration  range  amenable  to  our 
nucleotide  exchange  assay,  we  performed  a  series  of  nucleotide 
exchange  assays  on  [1SN] -RhoA-GDP  (0.2  mM)  with  increasing 
DH-PHprg  concentrations  (0.36  nM  to  25  nM).  A  XH-1SN  HSQC 
spectrum  (two  scans,  5  min)  of  [15N] -RhoA-GDP  was  recorded 
before  adding  DH-PHprg  and  1  mM  GTPyS.  Spectra  collected 
successively  at  5-min  intervals  exhibit  decreasing  intensities  of 
RhoA-GDP  peaks  and  appearance  of  RhoA-GTPyS  peaks  (Fig. 

IC)  until  only  the  latter  are  visible.  The  fraction  of  RhoA  in  the 
GDP-bound  state  (Igdp/(Igdp+IGTPts))  was  calculated  from 
peak  heights  in  each  spectrum  and  fitted  to  an  exponential 
decay  curve  to  extract  an  exchange  rate  constant  for  each  DH- 
PHprg  concentration.  We  found  a  rate  of  5.5  X  10-4  min-1  for 
the  intrinsic  nucleotide  exchange  and  observed  3.5-214-fold 
stimulation  of  exchange  for  these  GEF  concentrations,  which 
represent  ratios  from  1:500,000  to  1:8,000  relative  to  RhoA  (Fig. 

ID) .  Akin  to  RhoA-pl90DHPH  (18),  the  rates  follow  a  hyper¬ 
bolic  dependence  on  GEF  concentration,  indicative  of  a  two- 
step  model  that  includes  the  formation  of  a  low  affinity  ternary 
complex  of  GEF  and  nucleotide-bound  GTPase  prior  to  the 
formation  of  the  high  affinity  complex  of  GEF  and  nucleotide- 
free  GTPase  (Fig.  L4)  (19).  In  previous  fluorescence-based 
studies,  the  PDZ-RhoGEF  DH-PH  domain  (8)  was  shown  to 
stimulate  exchange  124-fold  at  a  1:10  ratio  relative  to  RhoA, 
which  is  4-11  times  faster  than  Tiam  (20),  Dbs  (20),  and  LARG 
(21).  Here,  we  obtained  a  greater  enhancement  (214-fold)  in 
nucleotide  exchange  with  a  substantially  lower  ratio  of  GEF  to 
RhoA  (1:8,000).  This  may  be  due  in  part  to  the  inhibitory  effect 
of  mant-labeled  nucleotides  on  GEF  activity  (30)  as  well  as  the 
high  protein  concentrations  used  for  the  NMR  assay. 

Does  DH-PHprg  Stimulate  the  Nucleotide  Exchange  of  Active 
and  Inactive  Forms  of  RhoA  Equally? — It  has  been  assumed  that 
GEFs  promote  nucleotide  exchange  with  GDP  and  GTP  equally 
and  that  the  activation  of  small  GTPases  is  determined  by  the 
higher  cellular  concentration  of  GTP  (2).  However,  it  has  been 
shown  that  some  GEFs,  e.g.  CDC25  (22)  and  ITSN1L  (19),  fur¬ 
ther  favor  GTPase  activation  by  more  efficiently  catalyzing  the 
exchange  of  GDP  to  GTP.  Here,  we  examined  the  activity  of 
DH-PHprg  in  the  reverse  reaction  with  the  replacement  of 
GTPyS  bound  to  RhoA  with  GDP. 

Although  DH-PHprg  (25  nM)  accelerates  the  nucleotide 
exchange  reaction  from  RhoA-GDP  to  RhoA-GTPyS  by  a  fac¬ 
tor  of  214  in  the  presence  of  a  5-fold  molar  excess  of  GTPyS,  the 
reverse  reaction  from  RhoA-GTPyS  to  RhoA-GDP  is  only  stim¬ 
ulated  by  a  factor  of  31  (kex  =  178  X  10-4  min-1,  intrinsic  rate 
kex  =  5.8  X  10-4  min-1)  in  the  presence  of  DH-PHprg  and  a 
50-fold  molar  excess  of  GDP  (Fig.  3).  Despite  the  large  excess  of 
GDP,  the  reaction  reaches  a  plateau  at  IGTPyS  —0.25  due  to  the 
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very  efficient  PDZ-RhoGEF  favoring  the  exchange  reaction 
toward  the  RhoA  activated  form  and  as  well  as  the  higher  affin¬ 
ity  of  RhoA  for  GTPyS  (Fig.  3).  The  inefficient  exchange  from  & 
GTPyS  to  GDP  in  the  absence  of  GEF  indicates  a  higher  RhoA 
affinity  for  GTPyS.  The  discrepancy  in  the  -fold  stimulation  for  Q  7 
the  forward  and  reverse  reactions  suggests  that  the  affinity  of  2  ^ 
DH-PHprg  for  RhoA  is  affected  by  nucleotide-dependent 
structural  changes  in  RhoA.  These  results  indicate  that  the  GEF 
activity  of  DH-PHprg  depends  on  the  nature  of  the  bound 
nucleotide.  Our  results  show  that  like  CDC25  (22)  and  ITSN1F 
(19),  PDZ-RhoGEF  acts  as  a  positive  regulator  by  efficiently 
catalyzing  nucleotide  exchange  in  the  forward  direction  (GDP 
to  GTP),  therefore  driving  the  equilibrium  toward  the  activa¬ 
tion  of  the  GTPase  RhoA. 

DH-PHprg  Mutations  in  the  CR1  and  CR3  Regions  of  the  DH 
Domain  Dramatically  Reduce  GEF  Activity — Using  our  NMR 
GEF  assay  combined  with  site-directed  mutagenesis,  we  carried 
out  a  structure-function  analysis  of  PDZ-RhoGEF.  Based  on  the 
crystal  structure  (7),  DFf-PHPRG  Arg-868  is  hydrogen-bonded 
to  RhoA  Asp-45  and  Glu-54,  important  residues  for  recogni¬ 
tion.  We  first  tested  the  effect  of  the  mutation  R868G  in  DH- 
PHprg,  which  resulted  in  a  dramatic  reduction  in  GEF  activity. 

At  a  DH-PHprg  (R868G)  concentration  of  1.8  nM  (Fig.  4 A, green 
curve),  no  GEF  activity  was  detected,  whereas  a  19-fold  increase 
was  observed  with  the  wild  type  (Fig.  4A,  black  curve).  This  is 
consistent  with  the  crystal  structure  of  PDZ-RhoGEF  in  com¬ 
plex  with  RhoA,  in  which  the  side  chain  of  Arg-868  forms 
hydrogen  bonds  with  Asp-45  and  Glu-54  of  RhoA  (Fig.  4 B)  and 
was  required  for  GEF  activity  (7,  8). 

In  the  crystal  structure  (7),  PDZ-RhoGEF  Glu-741  directly 
interacts  with  Tyr-34,  Thr-37,  and  Val-38  of  RhoA  switch  I,  as 
do  the  homologous  residues  of  Tiaml  and  Racl  (6,  23).  We 
examined  the  role  of  Glu-741  in  PDZ-RhoGEF  activity  by 
mutating  this  residue  to  Ala  and  Asp.  Not  surprisingly,  E741A 
virtually  eliminated  GEF  activity  (/cex  =  5.7  X  10  4  min-1) 
when  compared  with  the  wild  type  (kex  =  118  X  10-4  min-1). 

The  loss  of  activity  associated  with  this  mutant  clearly  demon¬ 
strates  the  importance  of  this  carboxyl  group  for  the  catalytic 
activity  of  PDZ-RhoGEF.  We  then  addressed  how  a  conserva¬ 
tive  glutamate  to  aspartate  mutation  at  this  position  (E741D) 
would  affect  the  activity.  To  our  surprise,  this  substitution, 
which  retains  the  carboxyl  group  but  reduces  the  length  of  the 
side  chain  by  one  CH2,  was  also  sufficient  to  nearly  abolish  the 
enzymatic  activity  of  PDZ-RhoGEF  (kvx  =  6  X  10-4  min-1). 

These  results  suggest  that  the  shorter  aspartate  side  chain  can¬ 
not  preserve  the  hydrogen  bonds  formed  between  Glu-741  and 
RhoA  switch  I  residues  (Fig.  4 B).  We  believe  that  the  interac¬ 
tions  between  the  CR1  helix  ala  in  PDZ-RhoGEF  and  the  RhoA 
switch  I  loop  are  crucial  for  the  catalysis. 

RhoA  Glu-97  Is  Important  for  Efficient  DH-PHprg -catalyzed 
Nucleotide  Exchange — The  PH  domain  is  critical  for  the  func¬ 
tion  of  Dbl  family  proteins  (24-27)  and  has  been  suggested  to 
serve  multiple  roles.  The  Trio  PH  domain  promotes  proper  cellu¬ 
lar  membrane  localization  through  interactions  with  phospholip¬ 
ids  (24),  whereas  the  Vav  PH  domain  regulates  the  GEF  activity  of 
the  DH  domain  through  binding  of  phosphatidylinositides  (25), 
and  the  Dbs  PH  domain  assists  the  DH-associated  domain  in  bind¬ 
ing  Rho  GTPases  (26,  27).  Based  on  the  crystal  structure  of  GEF- 
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FIGURE  3.  PDZ-RhoGEF  preferentially  catalyzes  nucleotide  exchange  in 
the  direction  of  activation  (GDP  to  GTPyS).  Plots  of  the  nucleotide 
exchange  for  RhoA-GDP  to  GTPyS  (circles)  and  RhoA-GTPyS  to  GDP  ( triangles ) 
(intrinsic,  open;  GEF-mediated,  filled)  are  shown.  A  5-fold  molar  excess  of 
GTPyS  was  added  to  15N-labeled  RhoA-GDP,  and  a  50-fold  molar  excess  of 
GDP  was  added  to  15N-labeled  RhoA-GTPyS.  Error  bars  indicate  S.D.  for  values 
reported  by  multiple  peaks. 

GTPase  complexes,  the  PH  domains  of  some  GEFs  interact  with 
the  GTPase  (e.g.  PDZ-RhoGEF-RhoA  (1XCG),  LARG-RhoA 
(1X86),  and  Dbs-RhoA  (1LB1)),  whereas  no  interaction  is  seen 
between  other  GEF  PH  domains  and  their  cognate  GTPases  (e.g. 
Vav-Racl  (2VRW)  and  Tiaml-Racl  (1FOE)).  Although  the  PH 
domains  of  LARG  and  PDZ-RhoGEF  interact  with  RhoA,  the 
PDZ-RhoGEF  DH  domain  alone  is  41 -fold  less  active  than  DH-PH 
domain  (7),  whereas  the  equivalent  truncation  of  the  PH  domain 
in  LARG  causes  only  a  1.5-fold  reduction  in  activity  (21).  Because  it 
has  been  reported  that  the  DH  domain  alone  of  PDZ-RhoGEF  is 
unstable  (7,  8),  it  is  not  clear  whether  the  PH  domain  contributes 
directly  to  the  activity.  The  crystal  structure  of  PDZ-RhoGEF 
bound  to  nucleotide-free  RhoA  shows  that  RhoA  Glu-97  interacts 
with  a  conserved  serine  (Ser-1065)  as  well  as  an  asparagine  of  the 
PH  domain  (Fig.  4 C).  To  evaluate  the  role  of  this  RhoA  PH  domain 
interaction,  we  mutated  RhoA  Glu-97  to  alanine  and  monitored 
the  nucleotide  exchange  with  and  without  DH-PHprg,  using  our 
NMR  assay.  Although  the  intrinsic  nucleotide  exchange  rates 
remain  identical  for  both  RhoA- WT  (/cex  =  5.5  X  10-4min-1)  and 
RhoA-E97A  (krx  =  5.3  X  10-4  min-1),  a  10-fold  decrease  in  the 
RhoA  activation  by  DH-PHprg  was  observed  with  RhoA-E97A 
(RhoA-WT:  kvx  =  267  X  10-4  min-1,  RhoA-E97A:  kex  =  25.5  X 
10-4  min- ')  (Fig.  4  C).  Although  this  protein-docking  site  was  also 
found  in  the  PDZ-RhoGEF  homologue  LARG,  with  the  conserved 
serine  Ser-1118  (Fig.  2)  hydrogen-bonded  to  Glu-97  of  RhoA  (21), 
the  Glu-97  mutation  did  not  affect  the  ability  of  LARG  to  activate 
RhoA  (21).  These  results  together  indicate  that  PDZ-RhoGEF  PH 
domain  contributes  to  RhoA  activation  by  a  mechanism  involving 
the  H-bonds  between  Glu-97  and  Ser-1065  and  Asn-1068,  pre¬ 
sumably  as  seen  in  the  crystal  structure  of  PDZ-RhoGEF-RhoA 
(7). 

Effects  of  GTP  Analogues  on  the  Structure  and  Exchange 
Kinetics  of  RhoA — Many  previous  studies  of  GEFs  have  relied 
on  assays  using  fluorescent  nucleotide  analogues  (e.g.  mant- 
GTP)  (7,  8,  20,  21,  23,  27,  28).  Our  NMR  approach  has  a  sub¬ 
stantial  advantage  over  this  method  as  it  does  not  require  a 
chemical  modification  of  the  nucleotide.  We  recently  demon¬ 
strated  that  mant-GTP  and  mant-GDP  alter  the  kinetics  of  the 
PDZ-RhoGEF-catalyzed  nucleotide  exchange  as  well  as  the  in- 
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FIGURE  4.  Mutations  in  conserved  regions  of  DH-PHprg  severely  decrease  GEF  activity,  and  E97A  muta¬ 
tion  decreases  the  activation  of  RhoA.  A,  RhoA  nucleotide  exchange  (GDP  to  GTPyS)  stimulated  by  wild-type 
(wt)  DH-PHPRG(1.8nM)  versus  mutants  E741D,  E741  A,  and  R868G.  Rates  derived  from  these  curves  are  displayed 
in  a  histogram  in  the  right  panel.  The  experiments  were  also  performed  with  4  nM  DFH-PHprg,  in  which 
wild-type,  E741D,  E741A,  R868G,  and  intrinsic  nucleotide  exchange  rates  are  207  X  10-4  ±  3.3  X  10-5 
min-1, 6.4  X  10-4 ±  1  X  10-4min-1,  14.4  X  10-4 ±  1  X  10-4min-1,  1 1 .1  X10-4±1  X  10-4min-1  and4.4  X 
10-4  ±  2  X  10-4  min-1,  respectively.  6,  interface  of  PDZ-RhoGEF  DFH  ( red)  and  PFH  domains  [cyan)  with  RhoA 
(green).  DFI-PFIPRG  Glu-741  (in  CR1 ),  Arg-868  (near  CR3),  and  RhoA  switch  I  residues  Tyr-34,  Thr-37,  and  Val-38 
are  highlighted  (PDBcode:  1XCG).  PyMOL  software  was  used  to  create  the  schematic  representations.  C,  muta¬ 
tion  of  Glu-97  reduces  the  ability  of  DFI-PFHPRG  to  activate  RhoA.  RhoA  nucleotide  exchange  to  GTPyS  in  the 
absence  ( circles )  or  presence  ( triangles )  of  DFI-PPIPRG  (4  nM).  Black  and  blue  curves  correspond  to  wild-type  RhoA 
and  RhoA-E97A,  respectively.  Right  panel,  RhoA  Glu-97  forms  hydrogen  bonds  with  Ser-1065  and  Asn-1068  of 
the  PFH  domain.  In  A  and  C,  error  bars  indicate  S.D.  for  values  reported  by  multiple  peaks. 


trinsic  GTPase  activity  of  RhoA  (30).  To  further  assess  the 
effects  of  nucleotide  modifications,  we  compared  DH-PHprg- 
mediated  exchange  kinetics  of  GTPyS,  GMPPNP,  and  mant- 
GTP.  The  RhoA-GDP  nucleotide  exchange  rates  for  mant-GTP 
(203  X  10  4min- corrected  for  hydrolysis,  see  supplemental 


material)  and  GMPPNP  (114  X 
10-4  min-1)  are  30  and  55%  slower 
than  GTPyS  (265.5  X  10-4  min-1), 
respectively  (Fig.  5 A).  We  then 
sought  to  identify  aspects  of  RhoA 
structure  that  may  account  for  these 
different  exchange  rates.  Spectra  of 
RhoA  bound  to  GTPyS,  GMPPNP, 
or  mant-GTP  were  compared  with 
those  of  RhoA-GDP  and  RhoA- 
GTP.  The  chemical  shifts  for  RhoA 
residues  located  in  the  P-loop, 
switch  I,  switch  II,  /32,  and  j83  in  the 
presence  of  GMPPNP  and  mant- 
GTP  are  more  similar  to  those  with 
GDP  than  GTP,  whereas  the  fin¬ 
gerprint  of  RhoA-GTPyS  is  more 
like  that  of  RhoA-GTP,  as  illus¬ 
trated  by  Gln-29  of  RhoA  in  Fig. 
SB.  These  results  further  support 
that  among  these  analogues, 
GTPyS  provides  the  best  mimic  of 
GTP  and  that  the  conformation  of 
RhoA-GTPyS  most  resembles  the 
activated  conformation  of  RhoA- 
GTP  (Fig.  5C). 

To  more  rigorously  compare  the 
individual  nucleotide  exchange 
rates  using  GTP  and  the  three  com¬ 
monly  used  analogues,  GTPyS, 
GMPPNP,  and  mant-GTP,  we  per¬ 
formed  a  real-time  NMR-based 
competition  assay.  Importantly, 
NMR  spectroscopy  can  distinguish 
RhoA  bound  to  each  of  the  four 
nucleotide  variants.  We  added  6  nM 
DH-PHprg  to  RhoA-GDP  and  initi¬ 
ated  the  exchange  assay  with  the 
addition  of  a  mixture  containing 
GTP,  GTPyS,  GMPPNP,  and  mant- 
GTP  (each  1  him)  (Fig.  5 D).  GTP 
and  GTPyS  peaks  appeared  first  in 
the  1H-1SN  HSQC  spectra,  indicat¬ 
ing  their  preferential  recruitment  by 
RhoA.  After  1  h  (Fig.  5 D),  a  stronger 
GTPyS  peak  was  observed  along 
with  weaker  GTP  and  mant-GTP 
peaks,  but  no  peak  was  detected  for 
GMPPNP.  It  should  be  noted  that 
GTP  and  mant-GTP  peak  intensi¬ 
ties  eventually  decreased  due  to 
intrinsic  GTPase  activity  of  RhoA 
(supplemental  Fig.  S6).  The  nucleo¬ 
tide  exchange  and  competition  assays  show  that  association  of 
mant-GTP  with  RhoA  is  slower  than  that  of  GTP  and  GTPyS. 
Based  on  the  structure  of  Ras  in  complex  with  mant-GTP  (29), 
we  hypothesize  that  similar  positioning  of  the  mant  group  to 
RhoA  may  interfere  with  the  fast  rotation  of  its  Tyr-34  side 
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FIGURE  5.  Kinetics  of  RhoA  nucleotide  exchange  with  GTP  analogues  and  competition  assay.  A,  kinetics  of  RhoA-GDP  nucleotide  exchange  to  GTPyS 
(blue),  GMPPNP  (red),  and  mant-GTP  (magenta)  measured  individually  using  our  NMR-based  assay.  The  rates  (1CT4min~  bare  displayed  with  a  histogram  (inset) 
for  each  curve.  B,  overlay  of  five  'FI-1 5N  FISQC  spectra  illustrating  the  distinct  chemical  shifts  of  Gln-29  exhibited  by  RhoA  when  bound  to  GDP  (black),  GMPPNP 
(red),  GTP  (green),  GTPyS  (blue),  and  mant-GTP  (magenta).  C,  Gln-29  amide  proton  chemical  shift  changes  (AS1  FI,  relative  to  RhoA-GDP)  versus  exchange  rates 
for  each  nucleotide  (colored  as  above). In  A  and  C,  error  bars  indicate  S.D.  D,  competition  assay  for  binding  of  nucleotide  analogues  to  RhoA.  Snapshots  of 1 FH-1  SN 
FISQC  spectra  collected  before  and  after  the  addition  of  premixed  GTP,  GTPyS,  GMPPNP,  and  mant-GTP,  each  at  a  5-fold  molar  excess  over  RhoA. 


chain  from  the  position  where  it  binds  Glu-741  to  the  orienta¬ 
tion  that  contacts  the  nucleotide  (supplemental  Fig.  S7). 

Our  data  firmly  demonstrate  the  differences  in  the  binding 
affinity  of  RhoA  for  GTP  and  its  three  commonly  used  ana¬ 
logues.  Although  the  exact  binding  constants  for  each  analogue 
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cannot  be  derived  from  the  present  NMR  data,  NMR  can  dis¬ 
tinguish  small  differences  in  the  binding  affinity  between  these 
ligands  as  translated  in  the  exchange  rates:  /ct,xGTP  =  keJ3TPyS  > 
£exmant'GTP  >  fexGMPPNP  It  is  worth  noting  that  these  ther¬ 
modynamic  differences  in  binding  correlate  well  with  con- 
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formational  changes  in  RhoA  observed  in  NMR  spectra  (Fig. 
5,  B  and  C). 

In  summary,  we  have  demonstrated  that  NMR  spectroscopy 
offers  an  accurate  and  efficient  measurement  of  GEF-mediated 
nucleotide  exchange  of  a  small  GTPase.  This  methodology  was 
applied  to  RhoA  intrinsic  and  PDZ-RhoGEF-catalyzed  nucleo¬ 
tide  exchange  reactions.  We  have  shown  that  GTPyS  mimics 
GTP  in  the  RhoA  exchange  reaction,  whereas  GMPPNP  and 
mant-GTP  suffer  from  slower  exchange  rates.  The  intrinsic 
nucleotide  exchange  rate  from  GDP  to  GTPyS  is  dramatically 
accelerated  (214-fold)  by  the  presence  of  a  small  amount  of 
DH-PHprg  (25  nM).  This  effective  catalysis  is  achieved  by 
highly  specific  interactions  between  RhoA  and  PDZ-RhoGEF 
DH  and  PH  domains.  Our  results  show  that  Arg-868  near  CR3 
and  Glu-741  in  CR1  play  critical  roles  in  the  catalysis  and  that 
Glu-97  of  RhoA  is  required  for  full  GEF  activity.  Furthermore, 
PDZ-RhoGEF  acts  as  a  positive  regulator  that  selectively  cata¬ 
lyzes  nucleotide  exchange  toward  the  activation  of  the  GTPase 
RhoA.  The  present  NMR  studies  provided  kinetic  and  mecha¬ 
nistic  insights  into  the  enzymatic  reaction  of  the  PDZ-RhoGEF- 
mediated  nucleotide  exchange  of  RhoA  and  also  posed  new 
questions  about  the  structural  basis  for  the  catalysis,  which  can 
be  addressed  by  an  atomic  resolution  structure  elucidation  of 
the  binary  complex. 
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